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ABSTRACT
Strength and serviceability assessment of masonry arch bridges currently in service is of
immense importance as part of the infrastructural renewal programme in Australia. There
are 123 brick masonry arch bridges scattered throughout the state of NSW alone. Most of
these were constructed early in this century and are nearing their design lives. Over
recent years some of these bridges have deteriorated seriously mainly in the form of
progressive cracking. Propagation of cracks is a slow process and has to be arrested.
This would save the cost of total reconstruction which is prohibitively expensive. The
most onerous task of the engineer is the bridge assessment. Arch design is not very well
documented as the failure of brick masonry is complicated. The designer of a new arch
does not have specific recommendations for arch analysis. It is attempted in this thesis to
provide some insight into the cracking and failure behaviour of masonry arch bridges.
Strength and related properties of masonry and their significance on masonry behaviour
are discussed before presenting the investigation on the general behaviour of masonry
arch bridges. Various analytical methods for the analysis of masonry structures and the
features of the nonlinear finite element procedure used in this investigation are also
reviewed.
i

v

The main aims of this thesis research include the identification of important parameters
governing the structural behaviour of brickwork arches and making recommendations on
these for use in arch analysis. An extensive sensitivity analysis is carried out to
investigate the influence of various factors on the behaviour of these bridge systems.
Tensile strength of masonry and the tensile strain softening parameter in the post-cracking
stress domain are found to be predominant in their effects on the general behaviour of
these bridge structures. For arches of practical dimensions, failure due to crushing of
masonry is unlikely to occur.
Laboratory investigations are carried out to evaluate some parameters relevant to the
realistic material model. The tensile strength of masonry is estimated by using two
experimental methods. The bond wrench method appeared to provide a better estimate of
the tensile strength of masonry than the beam tests.

(X)

A preliminary parametric study has been carried out in the Department of Civil and Mining
Engineering, University of Wollongong, Australia, with the help of a nonlinear finite
element method. This approach is adopted and a much wider investigation is carriedbut in
this thesis. The experimental results of five prototype bridges and some model arches
tested in the United Kingdom are used for this purpose. These include some of the
bridges which were tested to destruction under the British Transport and Road Research
Laboratory’s programme of research as well as the model arches tested in the University
of Edinburgh, Scotland.
The calibration of the strain softening parameter is done in the parametric study by
comparing full scale test results of masonry arches with the analytical results given by the
finite element method adopted in this investigation.
The weight of the fill material and the load dispersion effect through the fill have also been
found to improve the load carrying capacity of these bridge systems. All the work
described would help the reader to obtain a better understanding of the complex arch
behaviour.
Based on the results of the experimental investigation and the calibration of important
parameters undertaken in the parametric study, some practical guidelines are given for die
engineer to use in the design of new arches or for use in the strength assessment of
existing ones.

(xi)

NOTATION
Following symbols are used in this thesis.
a/b
B
d
dan, dat, dxnt
den, det, dynt
da
de
De
Dep
Df
E
Et
f
f’c
f’t

G
h
L
N
n-1
R
t t

x-y
Z
ecr
ecu

4>
P
y

V

0

<*o

Aa

aspect ratio (of a brick or a masonry prism)
width of arch
arch rib thickness at mid span
incremental normal and shear stresses in the local coordinate system
incremental normal and shear strains in the local coordinate system
incremental stress vector
incremental strain vector
elastic material stiffness matrix
elasto - plastic material stiffness matrix
material stiffness matrix after failure
elastic modulus of masonry in tension
initial tangent modulus of masonry in compression
rise of arch rib at mid span
compressive strength of masonry
tensile strength of masonry
shear modulus of masonry
fill depth at mid span
inner span of arch
tensile strain softening parameter
local coordinate system
inner radius of arch rib
transpose of transformation matrix
:
global coordinate system
section modulus
strain corresponding to stress level of f t
strain corresponding to stress level of f’c
stiffness reduction factor
crack surface interlock factor
shear strain
Poisson’s ratio
crack orientation in relation to global coordinate system
released stress vector
total stress change
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INTRODUCTION
1.1 General Remarks
Brick masonry is one of the oldest building materials known to mankind. In the earlier
centuries brickwork structures were designed and constructed using empirical methods which
had evolved over their continuous use. Most of these methods were so conservative that they
resulted in extremely cumbersome structures (see Section 1.2). However, not until recent
years, with new research utilising sound engineering principles and a better understanding of
material behaviour has a different form of brick masonry construction emerged. This has
resulted in improved economy.
In all modem construction applications the emphasis is on the structural use of higher strength
bricks and mortars, which has revived the adoption of masonry as a structural material rather
than as an infill material. To be able to use this structural system effectively, it is necessary
for the designer to have the detailed knowledge of and confidence in the behaviour of the
masonry and its components.
1.2 Historical background to the use of structural masonry
An understanding of masonry arches is linked to use of masonry. Although ancillary to the
main theme of this thesis, such an historical overview places the concept of structural masonry
into perspective.
Bricks have been used as a building material for thousands of years. The excavated ruins of
the City of Ur reveal examples of brickwork made about 5000 B.C. (Page ,1973). These
ruins show that the sun-baked clay bricks had been used with mud or natural bitumen. From
Roman times until the 19th Century load bearing construction activities had been carried out
and evidence still survives in Herculaneum. Over this period of time, ‘rule of thumb’ methods
of design and construction evolved and were eventually included in various codes of practice
of building design.
‘
One good application of these empirical rules was the much quoted Monadnock building in
Chicago (built in 1891). This 15 storey structure was 60 m high and its main loadbearing
3 0009 02989 8975
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walls were 300 mm thick at the top level and 1650 mm thick at the bottom level, so that at the
lowest storey, solid brickwork occupied one fifth of the total width of the building.
The Swiss were the first (in 1951) to innovate a more effective load bearing wall system
considering the ability of the walls to act together as shear walls in providing stability against
lateral loads. With the increased confidence after extensive series of full scale tests carried out
by Federal (Swiss) Marital Testing and Research Institute in 1957, they built one of the
world’s tallest buildings near Zurich, an 18 storey loadbearing brickwork structure which had
127 mm, 152 mm and 178 mm thick interior walls and 378 mm exterior walls. In 1961
another 14 storey loadbearing brick wall structure was built near Lucerne with walls only 184
mm thick.
This reduction in wall thickness has contributed dramatically to the improved economy of this
form of construction and technique has been used in other Eropean countries, the United
Kingdom and the United States. Structural masonry was first introduced to Australia in Perth
in 1965 with the construction of a 9 stroey block of flats (Page, 1973). Since then the concept
has widely spread over the other states.
1.3 Introduction to Assessment of Masonry Arch Bridges
The use of masonry archers in bridging dates back over 4000 years ( Harvey, 1988; Yang,
1991). If cared for minimally, arch bridges usually carry ever increasing vehicular, loads
which were perhaps undreamt of when they were constructed. But they are rarely built now
and with the new highway systems being introduced, roads with arch bridges are relegated to
secondary networks. This is mainly because of the current trend of using new materials
(having, unlike masonry, appriciable flexural strength, eg. steel, reinforced and prestressed
concrete etc. ) and design methods, the limitations of arch assessment methods and the
assumed economic disadvantages of using masonry specially where the initial cost is the main
criterion. This assumption has to be questioned along with disadvantages of the other bridge
materials.
Strength and serviceability assessments of the masonry arch bridges currently in service are of
immense importance as part of the infrastructural renewal programme in most developed
countries. There are approximately 123 brick masonry arch bridges scattered all over the state
of NSW in Australia (Loo and Yang, 1991(b)). Most European countries possess a
considerable number of old stone arch bridges on their highway networks. Stone and brick
arches account for 40% of the bridges currently in service in U.K. (Crisfield,1987; Hughes
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and Bridle, 1990(a)). Most of these were constructed early in this century and are nearing
their design lives. Some of these bridges have deteriorated seriously over recent years mainly
in the form of progressive cracking (Harvey, 1988; Loo and Yang, 1991(a)). Propagation of
cracks is a slow process and has to be arrested. This would save the cost of total reconstruction
which is prohibitively expensive.
The most onerous task of the engineer is the bridge assessment. Arch design is not very well
documented as the failure of masonry arches is enormously complicated. Designers of the new
arches do not have the specif recommendations for arch analysis. To provide sufficient
information to the designer for the assessment of old masonry arch bridges and design of new
arches, it is essential to understand the fundamentals of behaviour of these bridge systems and
obtain accurate and reliable estimates of important parameters governing such behaviour. This
work is aimed at improving such understanding and investigating those parameters. It is
hoped that it will contribute toward the prediction of structural behaviour of masonry arches in
a more appropriate manner.
1.4 Scope of the Research
The main aim of this thesis research is to gain enough insight into the important parameters
which govern the structural behaviour of masonry arches and to make general
recommendations on them for engineers to design new arches or for use in the assessment
process of existing ones.
‘
.
The first four chapters provide a comprehensive review of strength an drelated properties of
masonry and some investigations into the arch behaviour. An overview of these properties of
masonry and their significance on masonry behaviour will enhance the understanding of the
arch behaviour.
This work is helped by a non-linear finite element based computational procedure developed by
Yang (1991), in assessing the strength of masonry arch bridges. An experimental
investigation is undertaken to establish some parameters relevant for the realistic material
model.
A preliminary parametric study has been carried out in the Department of Civil and Mining
Engineering of the University of Wollongong, NSW, Australia (Yang, 1991) using the above
approach and much wider investigation is carried out in this thesis to provide practical guide
lines for the assessing engineer.
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1.5 Outline of the Thesis
The structure of the thesis can be summarised as follows :
A review of literature on masonry structures with particular reference to arch bridges is carried
out in Chapter 2. In this review, the history of the development of the technology determining
the structural performance of masonry arches is presented in detail.
Tensile strength of masonry ( f t) is relatively small and variable. Influence on structural
behaviour of masonry arch bridges of f’t has been studied in an earlier parametric study
(Yang, 1991) and Chapter 3 presents a further investigation with particular emphasis on
experimental methods of evaluating f t. Also discussed in this chapter are the causes of
masonry’s low tensile capacity.
Chapter 4 describes the compressive strength of the masonry with special reference to arch
bridges and mechanism of compression failure in general. Factors influencing the compressive
strength of masonry are also included.
Features of a non- linear finite element based approach for analysis of masonry arch bridges
(Yang, 1991) are discussed in detail in Chapter 5.
Important material parameters governing the arch behaviour are identified using the method
described in Chapter 5. These will be presented in the form of a sensitivity analysis carried out
in Chapter 6.
Details of the experimental investigation undertaken in respect of these parameters are
presented in Chapter 7.
Results of the parametric study carried out to investigate the serviceability and ultimate load
behaviour of masonry arches are given in Chapter 8. These results are presented for
comparison with some full scale test results published in U.K. Graphical output of failure
patterns and some deflected shapes of these arches is included. Graphs dipicting the deflection
curves of fill scale and model arches tested in U.K. are also included for comparison of
experimental monitoring of deformation with the method adopted in this study.
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A brief summary of the conclusions and some practical guide lines for the designer in
assessing the strength of masonry arch bridges are given in Chapter 9.
A list of references used throughout this work is presented after Chapter 9 for the information
of the reader.
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CHAPTER 2
FUNDAMENTAL BEHAVIOUR OF MASONRY
ARCH BRIDGES - A LITERATURE REVIEW
2.1 Introduction
Masonry arches have been used extensively from ancient times and many old arch bridges are
still in use in the transport networks of many countries. For many years arches were built
based on the experience of the builder or engineer, but the investigation of arch behaviour has a
long history. The First recorded study on arch behaviour was carried out in 1676 by Hook
(Tellett, 1983). Arches typically fail due to collapse resultiing from opening of mortar joints
through tensile or compressive forces or the formation of a sufficient number of plastic hinges
leading to a mechanism failure (Heyman, 1980; Yang, 1991). Since the compressive strength
of masonry is relatively high, it is rarely exceeded in service or even loaded up to the collapse.
As a result, a crushing type of failure is not commonly observed in masonry arches.
An analytical approach relating to real behaviour has to be used to simulate failure and
serviceability conditions of masonry arches. A thorough knowledge of deformation and
strength characteristics of materials as well as. masonry as a continuum is necessary for such an
approach. Some models have been developed and are not essentially suited for this problem.
These models will be discussed in this chapter. This chapter reviews various literature to
provide a brief, but comprehensive summary of the knowledge on masonry arch analysis.
Material properties of masonry investigated by other researchers are first reviewed followed by
the history of the development of study towards a better understanding of the behaviour of
masonry structures with particular emphasis on arch bridges. In respect of arches, these range
from classical mechanism solutions to more sophisticated finite element models incorporating
non-linear deformation characteristics and progressive local failure. Experimental work
including tests on both model arches and prototype arches is then reviewed.
2.2 Strength and Related Properties of Masonry

.

Variables influencing masonry strength are numerous and have been studied by many
researchers over the last century. The influences of these variables on the strength
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characteristics of masonry are presented in this section based on cited research reports.
Masonry is often assumed to be a homogeneous material in structural design and code
specifications. In reality it is an assemblage of bricks and mortar in which stiffer brick is set
in inelastic mortar (Page, 1978). Its true characteristics, however, are determined by a very
complex interaction of mortar and the brick unit and the direction and magnitude of the applied
stress state relative to the masonry geometry. In order to foresee the behaviour of masonry it is
necessary to have a detailed knowledge of the properties of bricks, the mortar and the masonry
as a material.
2.2.1 Properties of bricks
Strength and physical characteristics of burnt clay bricks vary considerably even if bricks are
from the same batch. This inherent variation is essentially associated with their manufacturing
process due to the fact that the clay, shale or brick earth used in their manufacture being
indigenous has widely different characteristics (Lenczner, 1972; Grimm, 1975; Page, 1978;
Abrams, 1985). These will be evident from the work carried out in Section 7.2. This
variation will lead to scattered results for tested masonry. From a series of brick tests, Page
(1978) found that bricks typically exibit elastic-brittle behaviour, but not necessarily
homogeneous or isotropic.
(a) Compressive strength
Compressive strength is an important property that bricks possess. It is a measure of the
quality of the brick and the resulting masonry. It is therefore customary to use compressive
strength when specifying bricks for a given use. The first compressive strength test on bricks
seems to have been carried out in England in 1818 (Grimm, 1975). Apparent compressive
strength varies greatly with the method of testing (Chandrakeerthi, 1991) and the results
obtained, even from a given standard test, are influenced by various factors such as the loading
rate (Harding et. al, 1973; Chandrakeerthi, 1991), the aspect ratio (Grimm, 1975, Page, 1984,
1985; Chandrakeerthi, 1991), specimen end conditions (Farrar, 1971; Beech et al. 1973;
Hegemier et al. 1978; Page, 1981; Chandrakeerthi, 1991), the perforation pattern (Anderson,
1969; West et al., 1970) and the statistical treatment of results adopted (Chandrakeerthi,
1991). Thus the results so obtained may not necessarily be the true compressive strength of
the material. In spite of these deficiencies, however, the results obtained from standard tests
appear to have good correlation with other masonry properties such as masonry compressive
strength.
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The compression tests suggested in the Australian code for concrete masonry, AS 2733-1984
for the compressive strength of bricks and the relevant British code, BS 3921-1965 require
restraint of the specimen by the loading surface preferably with 2 to 3 mm thick plywood
packings on the top and bottom faces of the specimen. The stiffness of the plywood and the
frictional restraint imposed by the solid platen will influence the results of such tests.
According to a series of tests carried out by Grimm (1975), apparent compressive strength of
bricks is reduced by one third to three fourths, if a teflon pad is inserted between the brick and
the machine head. From his tests Page (1981,1983, 1984) found a marked difference in the
observed strength between the confined and unconfined tests, due to platen restraints. The
failure modes were different. For the confined test, failure occurred by spalling on the sides of
the specimen whereas lateral expansion was unconstrained in the unconfined test; the failure
occurred by vertical splitting appearing from platen to platen. Later in 1987, Ali also made
similar observations in his compression tests of bricks with flexible brush platens. This
vertical splitting typical of brittle materials, is the result of lateral tensile failure induced by
horizontal brick expansion. Page (1985) also found that the unconfined compressive strength
with flexible steel brush platens was almost half the confined compressive strength with solid
steel platens. Abrams et. al (1985) concluded that the artificially high values they obtained
from confined tests were due to the platen restraint at the compression interface that caused a
shear type of failure. In the confined test they were not certain that the vertical splitting failure
similar to the failure of a brick in a prism was induced by the interface friction reduction system
they used. Apart from discussing these effects produced by packing material on compressive
strength, Chandrakeerthi (1991) in a study connected with strength testing of low strength
cement blocks showed another important benifit of the packing material: it improves
repeatability and reproducibility of the test results by keeping end restraint approximately
constant; two conditions which must be sufficiently achieved in a standard testing procedure.
This effect must not be ignored when evaluating the compressive strength of a material.
(b) Tensile strength
The tensile strength of bricks has a great influence on the in-plane behaviour of masonry as the
final failure usually originates in the brick in some form of biaxial tension split. When
masonry is subjected to axial compression, differential lateral expansion of stiffer brick and
more flexible mortar takes place. This joint deformation is partially restrained by surrounding
bricks due to the bond and frictional resistance at the brick-mortar interface. This results in a
triaxial compressive stress state in the mortar and compression and biaxial tension in the brick.
Tensile stresses in the brick initiates failure as the tensile strength of brick is much lower than
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its compressive strength. This mechanism is shown in Fig. 4.1. This failure mechanism for
solid masonry has been discussed earlier by Francis et. al (1973); Page (1973, 1978) and
Drysdale and Hamid (1979 (b)) and for hollow masonry by Drysdale and Hamid (1979 (a))
and Shrive (1982).
There are two types of tests available to determine brick tensile strength, namely direct tests
and indirect tests. Abrams et. al (1985) used the Brazilian split test (indirect method) and direct
tension methods to evaluate the tensile strength of bricks. In the direct method, a tensile load
was applied through aluminium bushes to reduce lateral interface shear stresses. The bushes
were bonded to the brick using a high strength epoxy and and were attached to the tensile
frame. A concentric tensile load was then applied. They observed that data scatter was less in
the direct test.The direct tensile test method gives a better measure of the tensile strength as it
represents the average strength of the entire brick.kHowever, Thomas and O'Leary (1970)
claimed the opposite. They argued that the direct test gives merely an indication of brick tensile
strength at the end of the unit and in an attempt to overcome this difficulty tests were carried
out on specimens after about 25 mm were cut from each end. Much higher values were
recorded for the tensile strength with a lesser scatter of results.
Because of the difficulties associated with direct tensile strength tests on brittle bricks, Ali
(1987) used the splitting test to determine the indirect tensile strength. The load was applied
through a steel plate of width equal to 10% of the width of the brick. Failure occured by a
vertical split directly beneath the loading plate. The expression suggested by Thomas and
O'Leary (1970) was used to determine the tensile strength. This is given below: .
P
Tensile stress = 0.648
D1

....( 2. 1)

where, P is the applied load (lbs), D is the equivalent diameter, 1is the length of the specimen.
To confirm the relationship this test was modelled using two dimensional linear elastic plane
stress finite element analysis. Analytical results indicated that the tensile stress is fairly
uniform along the middle plane and in good correlation to the value given by the suggested
relationship (Figure 2.1).
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Figure 2.1. Transverse stress distribution along the centre line of a brick (Ali and Page (1989
(b) )
The influence of the size, shape and the perforation patterns on the tensile strength of bricks
has been studied by West et. al (1968) and Abrams et. al (1985). Abrams et al. reported from
their observations on biaxial tension-compression tests on solid bricks that failures were
generally uniform and perpendicular to the direction of the tensile load. Also they observed
that failure occured through the cores in the cored units due to significant stress concentrations
in the visinity of cores.
(c) Other properties of bricks influencing masonry strength
The initial rate of absorption (IRA) vaguely called 'brick suction' has an influence in achieving
the bond between brick and mortar. Since it contributes toward the compressive and tensile
strength of masonry, its definition will be briefly stated. According toS AA Brickwork Code
AS 1640-1974, the initial rate of absorption is measured as the amount of water initially
absorbed by a dry unit when it is partially immersed in water to a depth of 3 mm for a period of
one minute.
2.2.2 M ortar properties
Mortar is basically a mixture of cement, sand, lime and water. The mix proportion varies
from lime and sand with no cement to cement and sand with no lime. Historically sand-lime
mortars were considered adequate for the massive type of constructions then built, using
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relatively slow-paced construction techniques (Lenczner, 1972). Lenczner also reported that
the introduction of Portland cement showed that it was compatible with lime and produced a
desirable early setting, which allowed for more expedited construction.
The strength of hardened mortar depends predominantly on the cement to lime ratio. Since
other properties of mortar also vary with this ratio, the quality of the mortar cannot be judged
only by its compressive strength. In instances where strength of masonry is required at an
early age or the direct compressive stresses are fairly high, an almost pure cement-sand mortar
has to be chosen. For reasonable strength requirements, a suitable cement-lime-sand
combination has to be selected depending on the objective (AS 3700-1988 & BS5628-Part 1,
1978). On the other hand, when the strength of masonry is more or less immaterial, a limesand mortar with high workability may be chosen (Sahlin, 1971; Lenczner, 1972).
Mortar serves the purpose of bonding bricks together in structural masonry. The bond
between brick and mortar is an important property of masonry, but it is not only the properties
of mortar that determine this. In order to ensure a good bond strength of resulting masonry,
mortar must be equally well suited for both brick laying and load bearing when hardened. The
requirements for brick laying are good workability, good water retentivity and adequate early
stiffening. Mortar workability depends on the IRA of bricks and water retentivity of mortar.
Good water retention will resist brick suction, prevent stiffening of the mortar bed to make
necessary corrective movements of newly laid units and make available sufficient water to
allow the hydration of cement. Early stiffening of mortar is necessary because when a course
of units has been laid, the brick and mortar system must attain a reasonable rigidity before the
next course is laid, in order to prevent excessive movements. In its hardened state, the bond
strength and the tensile strength are the properties desired of mortar. In many cases, the
achievement of high mortar strength is not as important as the bond between brick and mortar.
It is difficult to avoid completely the negative effects of brick suction and mortar's water
retentivity at the same time. If the water retentivity is too high, only a thin mortar layer close to
the units dries out too fast, resulting in a weaker bond between the units and mortar. Cracks
will appear between the units and hardened mortar. However, even if the water retentivity is
too low, cracks will appear as the mortar is dried out by the lower unit, so that the new unit is
laid in a partly dried and hardened mortar bed.
Grimm (1975) investigated the effects of specimen shape, specimen age, initial flow rate and
air content of mortar on the compressive strength of mortar. He related the compressive
strength of mortar to that of masonry.
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Mortar in a joint has different deformation characteristics from what is implied from a stressstrain curve obtained by a compression test of mortar. This is due to brick suction and mortar
will be in a triaxial stress state due to brick-mortar interaction. Page (1978) indirectly derived
stess-strain characteristics of mortar from uniaxial compression tests on masonry prisms.
These are discussed in Section 2.2.3.
Ali (1987) used an indirect splitting test to determine tensile strength of mortar. However he
found that his analytical model was not sensitive to the effects of brick suction on the tensile
strength of mortar.
2.2.3. Masonry properties
In early years, masonry was considered as a homogeneous, isotropic material and the
structural analyses were confined to elastic behaviour of structures (Yang, 1991). These
analytical methods resulted in extremely conservative designs. The usefulness of these
analytical methods are uncertain particularly when applied to structures in which masonry
experiences higher levels of stress. This has led to substantial interest in the study of masonry
properties in recent years enabling an understanding of the behaviour of masonry structures.
The response of masonry subjected to complex stress states is markedly influenced by the
orientation of the mortar joint to the applied loads. Most of the plastic deformation occurrs in
the joints and the joint behaviour is dependent on the magnitude of the shear and normal
stresses in the joint Depending on the combination of these stresses, failure can occur in the
mortar alone ar as a combined material failure. These failure mechanisms are very complex
and all these are not fully undersood.
(a) Compressive strength of masonry
Masonry structures built in early years were subjected to low stress levels and the factors of
safety against compressive failure were high (Page, 1985) so that a detailed knowledge of
compressive behaviour was not essential. Over recent years, however, with the use of shear
walls to resist lateral loads in buildings together with the engineers placing much more
emphasis on economical designs of other structures, elements in masonry have become
nominal in cross sectional dimensions and consequently often highly stressed in service. To
study the behaviour of load bearing masonry structures, the strength of masonry is of prime
importance.
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Primary variables affecting masonry strength are brick strength and mortar strength. Many
investigations have been carried out to establish a relationship between masonry strength and
these two variables (Thomas, 1953; Lenczner, 1972; Grimm, 1975; Hendry, 1981; BS 5628Part 1,1978; AS 3700-1988). However it is necessary to consider the effects of a variety of
secondary variables to obtain enough insight into the behaviour of masonry in compression.
These will be discussed in Section 4.2. A discussion of the mechamism of failure of masonry
is presented in Section 4.3.
(b) Tensile strength of masonry
The tensile strength of masonry is extremely low due to its poor tensile bond characteristics at
brick-mortar interface. Consequently, codes of practice discourage reliance on this property.
Nevertheless there are occasions where tensile resistance of masonry has to be considered.
The analysis of masonry arch bridges and the design of laterally loaded wall panels are good
examples. Loo and Yang (1991(a), 1991(b)) have recently found in all masonry arches
which they modelled, failure was due to masonry tensile strength being exceeded. Capacity of
masonry is greatly influenced by its tensile strength. Further, Ali and Page (1989 (b)) in a
study connected with masonry walls subjected to concentrated loads found that failure occurred
in the form of vertical tensile splitting.
Tensile bond strength for a given brick-mortar combination varies considerably due to the
variable nature of parameters that affect the behaviour of the bond. Drysdale et al. (1979 (b)),
Page (1983) and Gerrard et al. (1985) found that in-plane masonry tensile strength is greatly
influenced by the stress orientation. This is attributed to the anisotropic nature of masonry.
Many investigators have attempted to establish a relationship between material parameters and
the flexural tensile strength of masonry. Grimm (1975) expressed the flexural tensile strength
as a function of compressive strength of mortar.
For a given combination of masonry units and mortar, Grimm (1985) observed that the
flexural strength of masonry is dependent of quality of workmanship, method of testing and
the number of mortar joints in the specimen. Other than these, Lawrence et al. (1985)
extensively studied the flexural strength of masonry, particularly in relation to the
performances of masonry subjected to lateral loadings. The flexural strength of masonry
parallel to the bedjoint was found to be significantly larger than the strength normal to the
bedjoint (BS 5628-Part I, 1978).
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Recently Ali (1987) used an indirect splitting test on masonry triplets to determine tensile bond
strength of masonry and he argued that this type of test is more representative than the direct
tensile test on joints since it reflects the restraining influence of the surrounding bricks and
joints. The formula given by Equation (2.1) (Thomas and O'Leary, 1970) was used to
determined indirect tensile strength.
Material factors affecting masonry bond characteristics and the test bound influences on the
tensile strength of masonry will be further discussed in Section 3.2.
2.3 Investigation of Arch Behaviour
Analysis and design of masonry of masonry arches have been studied for many centuries.
Tellet (1983) reported that the first recorded study on the behaviour of arches was carried out
in 1676 by Robert Hooke. Loo and Yang (1991(a) ) reported that numerous analytical
methods have been developed, but mainly for the study of the elastic behaviour and ultimate
strength of arches. The history of the development of analytical methods to investigate the
behaviour of masonry arches is reviewed in this section.
2.3.1 Rules of thumb
Arches have been used for bridging for at least 4000 years (Harvey, 1988). The Romans
constructed semi-circular arches extensively and believed that the forces in the arch followed
the ring of the arch (Yang, 1991). Over this period, bridge builders formulated a set of rules
for arch proportions. However, the adoption of the semi-circular shape has proved to be
providing a bettre arching action for a given span, according to recently developed assessment
methods (Yang, 1991).
2.3.2 Hooke's analogy method
According to Heyman (1980, 1982) and Harvey (1988), Hooke (1676) had presented an
analogy between the shape of a hanging chain and the corresponding shape of a masonry arch;
an idea entirely intuitive. Hooke stated that statics of the problem of an inverted hanging chain
were the same as those of an arch. However, while Hooke had gained enough understanding
of the arch behaviour, Gregory (1697) applied the principles of calculus which were new at
that time to solve the statics of the problem (Heyman, 1982). Gregory's comment that is of
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present interest is :
"... and when an arch of any other figure is supported, it is because in its
thickness some catenaria is included.”
In other words he asserts that if any line of thrust can be found lying within the arch, then the
arch will stand.
2.3.3 Couplet’s and Coulomb's methods
From his model tests, Couplet (1730) discovered that arches form a collapse mechanism by
breaking into four pieces (Yang, 1991). This mechanism is shown in Figure 2.2.

Figure 2.2. Couplet's collapse mechanism (Yang, 1991)
In 1733, Coulomb extended Couplet's concept of a collapse mechanism and was the first to
study the problem of structural stability of masonry arches more effectively (Rouf, 1984).
Coulomb concluded that the rotation between adjacent voussoirs will cause the failure of an
arch. He also concluded that for an arch to be safe, it is necessary to find one line of thrust
contained within the arch boundries that satisfies equilibrium conditions to ensure stability
under the given loading conditions.
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2.3.4 Elastic methods
(a) Castigliano's method
Castigliano (1879) developed a linear relationship between the load and the displacement of
arch prior to cracking by using the strain energy approach (Harvey, 1988; Yang, 1991). This
method assumes regid abutments.
In a well designed masonry arch, stresses wall be low and its behaviour to short term live
loads is elastic. Hence Castigliano's approach gives a reasonable solution under live loads
with no movements of springings. However Loo and Yang (1991(a)) showed that excessive
tensile strains can be induced in an arch by movement of supports, leading to cracking of the
structure. Although his method can be applied to ultimate limit state analysis, he made no
attempts to determine collapse loads. It was used, rather, to predict stresses within the arch
and their relevance to the method of construction.
(b) Pippard's elastic method
Pippard (1948) introduced his elastic method of analysing masonry arches, incorporating the
concept of line of thrust (Heyman, 1980). He showed from his observations that a very slight
movement of the springings of a voussoir arch will produce 'pins' or hinges at the springings.
He analysed a two-pinned centre line rib by replacing the arch as shown in Figure 2.3.

]

Figure 2.3. Pippard's two-pinned arch

17

Chapter 2 : Fundamental Behaviour of Masonry Arch Bridges

The shape of the arch was taken to be parabolic with the span/rise ratio equal to 4. The
analysis was confined to the case where rq/rc = 3/4 and a single point load was applied at mid
span. The fill and the material of the arch ring were assumed to have the same density.
Castigliano's strain energy method was used to determine the redundant forces H on the arch.
Effects of dead loads and live loads were considered separately and were finally superimposed.
In order to determine the safe axle load, he used two criteria. Pippard observed that the dead
load contribution to the bending moment at mid span perhaps an order of magnitude less than
the live load contribution. Also he noticed that the resultant line of thrust at the crown was
departing more and more from the centre line of the arch as the live load was increased.
Therefore the first criterion was derived from the middle third rule to limit the resulting tensile
stresses. Pippard used the less restrictive middle half rule (corresponding safe axle load is
Wit say). Also considered was the compressive stress in masonry, reaching a maximum
permissible value before the thrust line departs from the middle half of the cross section
(corresponding safe axle load is W2, say). From these two criteria of limiting tensile stress
and limiting compressive stress together with the results of full scale tests carried out by the
Building Research Station (Chettoe and Henderson, 1957), he concluded that it is safe to
discard the tensile stress criterion (Wi) and the analysis was based on the compressive stress
criterion (W2). He further stated that when the lateral load distribution of a small arch is
considered, the effective width of the arch rib is very small and a number of such ribs can be
thought to be existing independently within the width of the actual arch. Then the safe axle
load for a given vehicle was taken to be twice the value given by the limiting compressive
stress criterion (2W 2). Pippard constructed tables from which the safe axle load could be
read for various spans, ring depths and depths of fills at the mid span.
However, in Pippard's approach it is not clear that as to what extent it is justifiable to opt to
limiting compressive compressive stress criterion as his decision was solely based on the test
results of certain masonry arch bridges and the sweeping generalisation he made in arriving at
the safe axle load of 2W2. In moving from the particular case to the general, Pippard appears
to have been less than scientific. Consequently the method was empirical although it had a
linear elastic basis. This method assumes no structural strength of fill and the negligence of
benificial effects of load dispersion through the fill is one shortcoming of the method. An
elastic method corresponds to one possible equilibrium state and it is yery uncertain that the
line of thrust he predicts will be realised in practice.
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(c) The MEXE method of assessment
The British Military Engineering Experimental Establishment (known as MEXE) in 1950
undertook to convert Pippard's tables to a nomograph relating permissible loads to the bridge
dimensions. The British transport authorities still use this method for arch assessment
(The Assessment of Highway Bridges and Structures, 1984). The British transport authorities
still use this method for arch assessment (The Assessment of Highway Bridges and Structures,
1984). Pippard's safe axle load, 2W2 was evaluated for given values of limiting compressive
stress and for a large number of span, ring thickness and fill depth at crown. Resulting
permissible axle loads could be well fitted by a nomograph involving only the arch span and
the total depth at crown as shown in Figure 2.4.
The limitations which Pippard's method introduced were rectified by MEXE method using the
following modification factors and the method could be readily applied to assess the
permissible axle load on masonry arch bridges of variety of dimensional properties and
existing conditions:
(i) Factor to allow for span/rise ratio different from the standard case of 4;
(ii) Factor to allow for a profile other than the standard parabolic shape and rq/rc= 3/4;
(iii) Factor to allow for the quality of the material in the arch ring;
(iv) Joint factor to allow for the width, depth and condition of the mortar,
(v) Condition factor based on the engineer's visual appraisal.
This method does not describe the progressive performance of the arch as the load being
increased nor does it specify the mechanism of failure. Also it does not allow for the
benificial effects on the strength of arch of the spandrel fill and differenciate between soil
and arch. A specimen calculation of the application of this method is included in Section 8.7.
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Arch span Total crown thickness

Provisional axle load

Figure 2.4. Determination of maximum service load by MEXE method
(d) An energy method
An energy method of analysis of masonry arches for loads up to failure was recently
proposed by Hughes and Bridle (1990). The method modifies the geometric stiffness of
the arch to model the effects of cracking due to low tensile strength of masonry. A 1: 2
(horizontal: vertical) load dispersion was allowed through the fill material.
They showed that it was possible to produce &n iterative solution based on Castigliano's
methods to trace the progress of zones of tensile failure initiated at hinge positions as the
load was increased. Also shown was that the method could be based on any elastic method.
The failure modes they observed were seen to coincide with mechanism solutions.
Due to the generalized nature of writing expression for strain energy, this method can be used
to analyse arches of any shape. More importantly, the effects due to geometric nonlinearity are
also included in an approximate form as the programme determines the stresses at each section
and the new section depth is adopted in the following iteration where the tension exists.
In an attempt to find the most critical load position, Hughes and Bridle (1990) investigated the
minimum arch section and the maximum arch stress across the Bridgemill arch in Givan, UK
They found that when no lateral distribution is included in loading through the fill, the most
critical load position lies between the third and the quater point; a result which was also
demonstrated by Heyman (1980).
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The effect of variation of Elastic modulus on the failure load was also investigated. Since little
work has been done to produce a composite modulus, tests were undertaken using values of
elastic modulus between 5 000 MPa and 20 000 MPa to represent the lower and upper bounds
of the Bridgemill arch. The increase in failure load with the increase in elastic modulus was
found to be non-linear with a more significant variation at the lower moduli. In the composite
masonry, Young's modulus varies with time and the condition of the bridge. Therefore its
realistic estimation is essentially impossible. This is a practical difficulty associated with the
application of elastic procedures of this nature to analyse masonry arch bridges.
The method seemed clearly to incorporate the progressive failure machanism of an arch, an
approach which has also been studied recently by Yang (1991). Ultimate loads and positions
of hinges compared well with those of the Bridgemill arch. From their observations Hughes
and Bridle also concluded that a compressive failure of the material is unusual and the failure of
these arch structures are generally of the mechanism kind. However, they also stressed the
need to investigate the buckling instability of shallow arches in which very high compressive
stresses occur.
The method relies heavily on the abutment movements in order to obtain equations in addition
to the equilibrium equations. Due to the variable nature of the ground, support movements can
be different even for similar conditions. This, together with the irrecoverable settlements, will
affect the consistency of the predicted results. In assessing masonry arches for strength using
this method, the longitudinal cracks due to differential settlement and lateral cracks can be
modelled by directly quantifying the effects due to these defects. This is an advantage of the
method over MEXE assessment method of masonry arches in which these defects are
accounted for by applying correction factors based on visual appraisal of the assessing
engineer.
The method doe not specify a limiting value for compressive stress. Compressive stresses of
the order of 22.3 MPa were developed in the analysis of the Bridgemill arch. This seems to be
a drawback of the method as the tests on samples salvaged from the Bridgemill masonry
indicated a strength value of 5-8 MPa (Hendry, 1985).
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2.3.5 The mechanism method
(a) Hey man's plastic method
Heyman (1980) put forward an approximately method of assessing the strength of a given
arch; a mechanism solution incorporating the plastic theorems. He used geometrical properties
of the arch and the equilibrium conditions. Strength properties of materials were not used.
Hence this analysis is not elastic.
The strength of arch was based on the margin of safety against collapse by the formation of
hinges between voussoirs. He made use of Barlow’s (1846) sketches of a model semi-circular
arch to demonstrate the minimun ring thickness required for stability of an arch. Hence
Heyman's method provides an upper bound solution. For a thicker arch, the line of thrust
could be contained well within the masonry (Figure 2.5 (a)). In the limiting case, the line of
thrust touched the intrados or the extrados and cut extrados at springing. He assumed that, if
the arch were made of voussoirs of negligible tensile strength, hinges would be formed at these
points and the arch would be on the point of collapse by the mechanism shown in Figure 2.5
(b).
He stated that the failure of the entire arch would occur when a sufficient number of hinges
were formed to turn the arch into a mechanism as shown in Figure 2.5 (c). The margin of
safety of an arch was expressed geometrically. If the arch ring was shrunk uniformly until the
line of thrust could only just be contained within the masonry, that limiting shrinking factor
was identified as the geometrical factor of safety. With his experience, he stated that a
geometrical factor of safety of about 2 would suffice for masonry arch bridges. Having
studied the geometrical factor of safety against the position of live load for the Teston bridge
(Heyman, 1980), he concluded that the most critical position of a knife-edge load would be at
quarter span. The facts that the position of the line of thrust was known at four sections of the
arch when it is on the point of collapse, and the basic arch form had three redundancies, were
used to incorporate equations of static equilibrium to derive a practical method of stability
assessment of masonry arches.
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(a)
r

(b)

(c)
Figure 2.5. Barlow's (1846) sketches of a model semi-circular arch (Heymen, 1980); (a) a
thicker arch; (b) an arch of minimum ring thickness for stability; (c) formation of a
mechanism
The method assumes no dispersion of live load through the spandrel fill. Yang (1991) showed
how significant was the effect of load dispersion on improving the strength of a masonry arch
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bridge. However, Heyman’s method is conservative in this assumption.
One other disadvantage of this method is that the safety of a masonry arch is assessed
geometrically. The line of thrust does not give any indication as to the magnitude of the
loading. Its position remains unchanged for any load. In contrast to Pippard's method,
Heyman’s method relates the analysis to the unique limit state it considers.
(b) Pippard’s and Crisfield's methods
In addition to presenting his elastic method, Pippard with his colleagues (Crisfield, 1985 (a))
also developed a mechanism method to assess the strength of a masonry arch, Pippard et al.
(1951,1957) proposed a single mechanism methdd to provide an upper bound solution for a
no-tension arch.
Crisfield, 1985 (a) used the method of Pippard’s et al. as the basis to apply the mechanism
method to any arch. Both methods incorporated the conventional mechanism assumptions that
the elastic modulus and the compressive strength of masonry are infinite. In adidition, rigid
abutments were assumed and the tensile strength of arch material was neglected. Unit
thickness of the arch was considered.
The collapse under an applied point load was considered to be associated with the formation of
a mechanism with four hinges. Because there were four hinges, the problem was statically
determinate and the load could be calculated. The procedure was repeated for various hinge
positions and the lowest collapse load was computed.
Pippard et al. (1951,1957) adopted a tabular system with the arch being divided into elements
which were assumed to coincide with the voussoirs. Since this is impractical for an arch of
many voussoirs, Crisfield (1985 (a)) adopted a smeared continuum approach using a larger
number of elements in his computer programme. Crisfield's main computational difficulties
involved the definition of arch geometry and the calculation of the dead load due to self weight
of the arch and the fill.
Both Crisfield's method and the method of Pippard et al. and produce, a collapse load for a
given arch thickness whereas Heyman’s procedure can be used to determine the thickness of
an arch for a given load.
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(c) Harvey's method
As discussed previously, the mechanism analysis was developed independently at several
times. However, it was not of significant value until Heyman (1980) related it to plastic
theories. An alternative approach to arch assessment was presented by Harvey (1988) based
on Heyman’s (1980) method.
The first stage is to measure the visible geometry of the structure as accurately as possible.
The assessment load was not considered as an unknown; instead it was obtained from the code
of practice (Harvey, 1988). He showed that the arches can contain an infinite number of lines
of thrust in equilibrium with the applied load. But the line of thrust is explicitly defined at the
point of collapse. It just fits in the arch at this stage. Harvey observed that there are four
hinge locations at the point of collapse and until the solution is found, these locations are not
known. By equating moments to zero at the assumed hinge positions, he obtained three
equations with three unknowns including the ring depth required to support a particular load.
Once these equations were solved, the value of the thrust was established at each point and a
depth of arch material that would just support that thrust calculated. A zone of thrust was then
defined. Harvey then moved the load and superimposed the resulting zones of thrust to create
an envelope which represented the minimum arch which would just support the loads
specified.
He suggested the use of load factors to allow for the inaccuracies of the assessed values. But
care has to be taken in applying factors to dead load components as the effects of dead loads
are ffequendy benificial. This is an important concept which was later reinforced by Loo and
Yang (1991 (a)).
2.4 Finite Element Analyses of Masonry
There have been numerous activities in masonry engineering over the last two decades in
relation to the finite element analysis of the in-plane behaviour of masonry. The majority of
these analyses have been carried out by considering two-dimensional stresses. In the case of a
masonry arch, two-dimensional analysis using a unit width of the arch will lead to a
conservative estimate of the collapse load. This is because the secondary stiffness effects
produced by the spandrel walls are ignored and the collapse load is obtained on the assumption
that it is proportional to the width of the bridge.
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Masonry is a complex material consisting of an assemblage of bricks and mortar joints, each
with different properties. The structural analysis of its behaviour is made more complicated
by the mortar joints acting as the weaker link in masonry due to their low tensile and shear
bond strength. Depending on the relative proportions of its constituent materials, masonry
typically exhibits directional properties and deformation characteristics. Material models
ranging from isotropic elastic behaviour to more sophisticated models capable of incorporating
non-linear material behaviour and progressive local cracking have been used. This section
reviews these analytical procedures including material modelling and crack modelling as
applied to masonry walls and arches.
2.4.1 Linear elastic finite element analyses
Early finite element analyses of behaviour of masonry were confined to elastic analysis as the
finite element method was capable of efficiendy analysing the complex elastic behaviour of
masonry. These attempts were hampered by the lack of a suitable material model. Ali and
Page (1989 (b)) reported that masonry was assumed to be an isotropic elastic continuum with
no provision for failure (Wood, 1952; Rosenhaupt and Sokal, 1965; Yettram and Hirst, 1971;
Saw, 1974).
However analyses of this nature can be useful in obtaining stress distributions at working
loads and provide benchmarks in establishing critical parameters which influence the behaviour
of structural masonry. Most recent investigations have reformatorily produced more refined
models. An improvement on the homogeneous model was first made by Sttafford-Smith and
Carter (1970) and Stafford-Smith and Rahman (1972) who modelled bricks and mortar
separately in their elastic analyses. They employed this method to study the stress
distributions in brick walls subjected to uniform vertical loading.
Later Ali and Page (1985) carried out two and three-dimensional elastic finite element analyses
to study the effects of concentrated loads applied to brick masonry walls. Three-dimensional
analysis was used to determine the limitations of a simple two-dimensional analysis for various
types of loading. In the two-dimensional analysis, the variation of the lateral stresses in the
third direction is ignored. In many cases this simplification is justifiable. However Ali and
Page showed that this was particularly important in the study of eccentrically loaded walls
where transverse distribution of stresses takes place. For a more specific loading, an
extensive investigation was then carried out using two types of two-dimensional analyses; one
modelling masonry as a continuum with average properties, the other treating bricks and
mortar joints separately. They showed that studies of this nature, although not able to predict
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failure, can provide useful guidance for the design of masonry structures in general. Also
concluded was that the model which treats bricks and mortar separately was more effective,
since it reflected the influence of the varying stiffness of the constituent materials.
Anand and Young (1982) developed a two-dimensional composite element for the use in their
elastic finite element model capable of predicting interlaminar shearing stresses between the
brick and the block wythes in composite masonry. The composite element was utilised in
two-dimensional analyses in a plane strain condition. They found that the predicted results of
the stresses in the collar joint were in good agreement with those obtained from other plane
strain finite element models.
2.4.2

Non-linear finite element analyses

Linear elastic analyses cannot be used to predict failure of structural masonry since extensive
stress redistribution takes place due to non-linear material behaviour and local failure.
Therefore they will not result in critical failure modes or mechanisms, which are of
fundamental importance in design, and which form the basis of all modem codes of practice.
Consequently from a designer's point of view, elastic analysis cannot be used without
judicious interpretation of results. In these codes of practice, the inadequacies of elastic
analyses are compensated for by carefully set out design rules, based on extensive empirical
investigations.
As a result of the inability of elastic analyses to predict the real structural behaviour, many
researchers began studies leading to non-linear analysis finite element analysis of masonry.
Since then the analysis of the in-plane behaviour of masonry has become progressively more
sophisticated.
To be reliable, such analyses must be capable of predicting a number of different failure modes
and must be sufficiently discriminating so that the critical failure mode which would occur in
the prototype structure is that which the analysis predicts.
(a) Masonry walls
Baroni et al. (1979) developed a finite element model for the analysis of masonry structures by
considering masonry as a continuum with generalised planes of weakness. One short coming
of this model was the lack of an appropriate material model based on laboratory investigations.
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Ganju (1977) used three-noded constant strain triangular elements in his finite element model
to analyse progressive cracking of a brick wall. The Mohr-Coulomb criterion for yielding and
a limiting tensile strain criterion associated with a brittle collapse model was used. Again
masonry was considered to be homogeneous. Because of this and the use of a coarse finite
element mesh, the predicted results did not compare well with the experimental results.
Samarasinghe et al. (1981) put forward a finite element based plane stress computational
procedure to simulate the in-plane failure of brick masonry. Material was assumed to be
homogeneous. Four-noded rectangular elements with four internal degrees of freedom were
used to model the brick masonry. The elastic properties and biaxial failure criterion used in
the analysis were experimentally derived on one-sixth scale brick masonry panels.
Nonlinearities due to possible local cracking of the elements subjected to biaxial tensioncompression were considered. Crack patterns and the associated stress levels compared well
with the results of shear wall tests which were used to find the validity of the model.
However his model neither made any allowance to model material nonlinearity nor did it allow
for other modes of failure.
Calvi and Gobetti (1983) used a nonlinear finite element model to reproduce nonlinearities due
to cracking of brick masonry. The maximum principal tensile stress criterion was used with
eight-noded parabolic elements having 2 x 2 Gaussian integration points to model the masonry.
Application of the finite element method to the*analysis of masonry structures requires an
appropriate material model. All the analyses described above used material models based on
average properties with the influence of mortar joints acting as planes of weakness being
ignored. The reasons for using these simplifying assumptions were the lack of more detailed
knowledge on material behaviour. Page (1978) obtained further improvements to the finite
element analysis of masonry by being the first to propose a nonlinear, nonhomogeneous finite
element model to predict nonlinear deformation and progressive cracking of mortar joints.
Masonry was considered as a two-phase material consisting of elastic bricks set in an inelastic
mortar matrix. The material properties necessary to define this model were determined
experimentally by tests on masonry panels and individual brick samples. The method was
applied to analyse clay masonry walls subjected to in-plane loading, a common problem faced
by the structural designer of masonry.
•
As discussed in Section 2.2.2, joint characteristics for the load normal to the bed joints derived
from uniaxial compression tests on masonry are shown below (Page, 1978). Strains were
measured on a known gauge length. The number of mortar joints and the number of bricks
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which were encompassed by the gauge length were approximated. Thus, if the elastic
modulus of brick, Ebn is known, brick deformation at a particular level of applied stress can be
calculated. Thus the difference between total measured deformation and the brick deformation
can be attributed to the mortar deformation. The mortar strain at stress level c can be
expressed a s:

etLt - zpEhn Lb

em —

Lm

22

..( . )

where, et = total measured strain
Lm = total mortar thickness
Lb = total brick thickness
Lt = total gage thickness
Failure of the joint elements was considered to be dependant upon the relative magnitude of
normal and shear stresses. A failure criterion of this type was obtained directly from
compression tests on masonry with variable bed joint angles (Page, 1978). The criterion
allowed his model to simulate progressive tensile bond failure and shear bond failure.
The in-plane behaviour of masonry was modelled using a continuum of plane stress elements
with superimposed linkage elements simulating the mortar joints. Bricks treated as continuum
elements were modelled using conventional eight parameter rectangular plane stress elements
with four internal degrees of freedom and isotropic elastic properties were assumed. Joint
elements were four-noded, but one dimensional in the general description as they were
extremely thin. However the thickness was used in computing joint element properties. This
method was applied to analyse clay masonry walls subjected to in-plane loading, a problem
frequently encountered in the design of masonry structures. These element types were
incorporated into an incremental finite element programme. At a particular load level, an
iterative solution modelling material nonlinearities was obtained. Joint elements were then
checked for violation of the failure criterion, reduced stiffness properties were then assigned
and the problem solved again. The procedure was repeated until convergence was reached.
The next load increment was then applied and the cycle repeated. Final failure was indicated
by large residual forces or lack of convergence in the calculation of deformation.
Test results on masonry deep beams were used as a basis of verifying predicted theory. Strain
distributions at various levels of the applied load were measured in the tests and the resulting
stress distributions were compared with the analytical results. A reasonable degree of accuracy
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was observed in the initial stress distribution, particularly in view of the variable properties
inherent to bricks. Joints failing in tension and slipping in shear were observed in the
analysis. Page had a difficulty in comparing progressive crack patterns and the reason given
was that experimental cracks were small and were apparent at or near failure as all loads were
applied in the plane of the wall. This creates a doubt as to the usefulness of the model in
predicting masonry behaviour. Page also observed in the tests, the brick failure at collapse.
His model was not able to predict this. Therefore a criterion for brick failure must also be
incorporated in the model to predict the ultimate load. However the fact that his model is
capable of reproducing nonlinear behaviour of masonry due to material characteristics and local
joint failure can be made use of in predicting cracking patterns and stress distributions in the
design for seviceability limit states. Even for higher loads when stress redistribution occured,
the stress distributions were in reasonably good agreement with the experimental values.
Therefore his model is a more realistic alternative to an analysis based on isotropic elastic
behaviour. The use of relatively simple uniaxial tests to derive failure criteria and the basic
material parameters is a definite advantage of his method. A similar microlevel non
homogeneous model incorporating the use of the joint element concept was developed by
Hegemier et al. (1978) for grouted and hollow concrete masonry.
Smiths (1982) proposed a non-homogeneous model for the failure of centrally loaded masonry
walls by treating brick and mortar separately. The model was not able to predict behaviour of
walls with non-uniform stress fields and walls with varying bond patterns.
A finite element model for brick masonry which takes into account both the joint related
nonlinear deformations and crushing failure characteristics was reported by Dhanesekar et al.
(1984). The method adopted a macroscopic continuum model of stress-strain failure
characteristics of brick masonry which takes into account the influence of the mortar joints
acting as planes of weakness.
The material model was developed from the results of an extensive set of biaxial tests on
masonry panels. The bedjoint orientation with the edge of the panel was varied and the
properties were expressed in terms of stresses and strains normal and parallel to the bedjoint
planes and in terms of bedjoint shear stresses and strains. A failure criterion in terms of
normal, parallel and joint shear stresses was also derived from these tests results. The effects
of the local failure were smeared across or all parts of the relevant sub-divisons of the finite
element mesh.
Eight-noded isoparametric elements were used in the finite element discritisation with the
integration carried out using four point Gauss quadrature. The solution technique was both

30

Chapter 2 : Fundamental Behaviour of Masonry Arch Bridges

iterative to analyse the progressive failure and incremental to apply the loads incrementally.
The method was successfully used to analyse the behaviour of shear walls and infilled panels.
The computed load-deflection behaviour, cracking patterns and the failure load were in good
agreement in the comparison made with the results of the raking test on a brick masonry infill
panel.
The ability to distinguish between tensile failures, bed joint sliding failures and crushing
failures is a positive feature of this method. Another advantage of this method is the use of
average properties which include the influence of weaker joints used in the material model.
This enables a relatively coarse finite element mesh to be used, typically encompassing several
bricks and mortar joints. This will considerably ease the computation when analysing large
wall panels. However for obvious reasons, the method cannot be applied to situations where
local effects are important
Ali and Page (1989 (b) ) proposed a comprehensive finite element model for the brick masonry
subjected to in-plane loading. The model was capable of producing nonlinear characteristics
of masonry caused by material nonlinearity and progressive local failure.
Concrete bricks were used to minimise the variability in brick properties. Since bricks and
mortar were treated separately in the model, properties of individual bricks and mortar were
required, rather than the properties of masonry as a material. A relatively simple constitutive
relationship for bricks was derived from uniaxial compression tests. Mortar stress-strain
curves were derived indirectly by subtracting the contribution of brick deformations from the
overall measured deformations, using a similar procedure described earlier (Page, 1978).
Failure of brick masonry subjected to in-plane loads occurs as a bond failure at the brickmortar interfaces or as a tensile or compressive failure in either material subjected to biaxial
stresses. A three-dimensional failure surface in terms of normal, parallel and shear stresses at
the interface was derived to predict bond failure. A series of biaxial tests on masonry triplets
with sloping bedjoints were used for this purpose. Since masonry and plain concrete have
common properties typical to brittle materials, coventional concrete failure criteria were adopted
to model tensile or compressive failure of masonry. The brick and mortar properties
necessary to define the material model were determined experimentally from simple tests on
masonry specimens and individual brick and mortar joints.
From their earlier investigations, Page (1979) and Dhanasekar and Page (1986) reported that
cracking is the predominent cause of nonlinear behaviour of masonry. Therefore local
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cracking must be accurately represented if the realistic behaviour of masonry is to be predicted.
They used a crack model associated with a strength criterion for crack initiation and
propagation and a smeared crack modelling technique for reproducing the effects of the crack.
In the smeared crack model, the crack was represented by an infinite number of parallel
fissures across the cracked element, a concept also used by Dhanaseker et al. (1985).
This material model and the smeared representation were incorporated into a plane stress finite
element programme. The method was applied to analyse the behaviour of masonry walls
subjected to concentrated loads. Four-noded quadrilateral elements were used with fine mesh
near the loading point to simulate the progressive failure that takes place beneath the
concentrated load.
Load was applied incrementally, thus allowing the programme to analyse the behaviour of the
wall corresponding to low load levels through to ultimate failure. Principal stresses were
calculated for each element and if the stress in a particular direction was tensile, the material
was assumed to be elastic-brittle, otherwise, nonlinear material behaviour was assumed. At a
particular load level, every element was checked for fracture; if failure was indicated, the
effects of the failure were smeared over the full width of the element.
A reduced stiffness was then used and the stresses in the fractured zones were redistributed.
Stresses in the fractured zone were allowed to redistribute in two different ways; one allowing
immediate dissipation of stresses (brittle collapse) and the other with no dissipation of stresses
(ductile behaviour). The procedure was repeated until convergence of the solution was
achieved. The next load increment was then applied and the procedure repeated. Final failure
was indicated by large residual forces or lack of convergence of the solution.
The main problem associated with the model of Dhanaseker et al. (1985) is that its inability to
model local effects was overcome by taking bricks and mortar separately in the crack model.
The predicted results had good agreement with the initial cracking loads, failure patterns and
ultimate loads of tested masonry wallets. After obtaining better agreement with the tension
softening model, they concluded that the rate of stress release in the fractured zone of crack is
a significant parameter in predicting such behaviour. Later, Yang (1991) also showed the
influence of tension softening of masonry as applied to the failure behaviour of masonry arch
bridges. However, the application of this method is limited to walls subjected to concentrated
loads.
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(b) Masonry arch bridges
The first application of finite elements to masonry arches appears to have been undertaken by
Towler (1981). He developed a nonlinear finite element model in which the material
nonlinearity was treated with the aid of a no-tension criterion which was combined with a
parabolic stress-strain law for masonry in compression. One-dimensional beam type finite
elements were used in the analysis.
The material properties were averaged from those at the adjacent nodes. The method was
verified using test results on model arches. These models will be discussed in Section 2.5.3.
He also showed that his model was able not only to model the ultimate response of masonry
arches, but also to predict the results of the extent of cracking under applied loads.
Rouf (1984) used a curved beam type finite element in developing his nonlinear finite element
model for analysing masonry arches up to the ultimate limit state. The tensile strength of
masonry, f t was neglected. However in a recent investigation, Loo and Yang (1991 (b))
showed how significant was the f't on the failure behaviour of masonry arches (discussed in
Sections 6.2.1 and 8.2). His model was also capable of analysing other masonry structures
such as beams, columns and portal frame type structures. He claimed that the failure of an
arch could be caused by shear, in addition to material failure or failure by formation of a
mechanism. The predicted behaviour was compared with results of Towler's arches and
another model arch. These will be discussed in Section 2.5.3.
.
Cristfield (1984) developed a finite element model for the analysis of masonry arch bridges.
His model dealt with both serviceability and ultimate conditions. Both beam type and curved
finite elements were used in the analysis. Nonlinearities due to both material behaviour and
geometrical effects were both included in the analysis. However he stated that the geometric
nonlinearity does not make a significant contribution to the response of masonry arches, an
idea which was later refuted by Loo and Yang (1991 (a)). Similar findings were observed in
the case of behaviour of masonry walls (Samarasinghe, 1982; Ali and Page, 1989).
Cristfield’s (1984) analysis also allowed specified movements to be prescribed at the
abutments.
The analyses using beam type finite elements described above (Towler, 1981; Rouf, 1984 and
Cristfield, 1984) are theoretically valid only if plane sections remain plane. This is obviously
not the case when the arch section is partially cracked. To overcome this defficiency, Yang
(1991) introduced a new approach for the progressive failure analysis of masonry arch bridges

33

Chapter 2 : Fundamental Behaviour of Masonry Arch Bridges

under incremental loading or support movements. The method embodied a nonlinear finite
element based computational procedure.
The smeared crack modelling technique was used to model progressive cracking. The
beneficial effects on the arch behaviour of the spandrel fill and a method to account for support
movements were also included in the analysis.
The solution technique was both iterative and incremental allowing for progressive failure
analysis. Finally the collapse load for the arch and the associated failure mechanism could be
obtained. In addition, graphical outputs of stress distribution, cracking and crushing at any
loading stage could be obtained by the computer programme. It was also shown that small
support movements can produce serious distress to masonry arch bridges. This method is
used in Chapters 6 and 8 of this thesis in an attempt to investigate the arch behaviour to
produce practical guide lines for the engineer for use in arch assessment. A comprehensive
account of the method can be found in Chapter 5 of this thesis.
2.5 Experimental Work on Masonry Arches
Various theoretical studies of arch behaviour have been discussed so far. Because a large
number of factors of somewhat indeterminate nature influence the response of a masonry arch,
these must be validated by reasonably comprehensive experimental evidence to have
confidence when analysing such arches.
Testing of full scale masonry arches, although affording valuable information, is prohibitively
expensive. Tests of this nature are necessarily limited in number coveraging only relevant
variables. Alternatively tests on small scale models of rather idealised construction can be
carried out to test the analytical models (Towler, 1981; Rouf, 1984; Hendry et al.,1991).
Scale distortion, a problem commonly encountered in modelling of structures should be
considered unless analyses are carried out at the same scale.
2.5.1.

Early tests on road bridges

Davey (1953) presented test results of three masonry arch bridges which were tested to
collapse to investigate the arch behaviour. The abutment movements and the deflections at the
crown were recorded. Recorded support movements were considerable. From his
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observations, he stated that the fill makes a very significant contribution to the stiffness of the
arch. Later, Yang (1991) and Loo and Yang (1991 (a)) verified the accuracy of this
statement. All these collapse tests related to loads applied at the crown. These results would
not necessarily produce the load carrying capacity of the arches because unless the fill material
is able to provide a significant load dispersion effect (particularly in shallow arches), arches are
weakest when loaded at approximately quater point (Pippard et al. 1951, 1957; Heyman,1980;
Hughes, 1991).
Chettoe and Henderson (1957) also described a series of tests on full scale masonry arch
bridges. However these could not be used for failure analyses as the bridges were not taken
to collapse.
2.5.2.

Model arches of Pippard et al.

Pippard et al. (1951, 1957) conducted a set of model tests on concrete voussoir arches. They
observed that the tension crack only extended to within 85% of the edge of the ring at failure.
In an attempt to test his mechanism program, Cristfield (1985 (a)) found that an arch with the
corresponding reduced depth would give compatible results with results of Pippard et al.

t
rise
= 762m m

Figure 2.6. Pippard et al.'s arches (Cristfield, 1985 (a) )
2.5.3. Towler’s and Rouf’s arches
Towler (1981) tested two model arches to check the effectiveness of his finite element method
(see section 2.4.2). Two and three courses of bricks were used for two models respectively.
For each arch, the fill load was simulated by calculated weights applied to concrete steps which
were cast in-situ on to the arch.
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**1 — p2 loadino positions
D4 dial gauge positions (with equiv. positions on the LHS of the arch)

D1 -

Figure 2.7. Towler's arches (Cristfield, 1985 (a) )

The three course arch was loaded to collapse at third point. Because of a practical limitation,
deflections were measured at another point on the arch. Hence a correction factor obtained
from theoretical solutions was applied to the observed deflections under the load. However,
the experimental collapse loads were higher than the pridicted values. This may be partly due
to the stiffening produced by the loading steps. The tensile strength of masonry may have
been another cause which was neglected in his finite element model.
Towler experienced a difficulties in verifying his model. Even with values less than the
experimetally determined Young's modulus, he was unable to obtain a reasonable correlation
between his finite element results and experimental results. Later Towler and Sawko (1982)
stated the differences in the bonding technique betweenpiers and arches may have been
responsible for this. In contrast, Yang (1991) showed that the composite elastic modulus has
little influence on the response of an arch to collapse.
The two course arch with the load at third point was not taken to collapse. It was used to
compare the early part of the theoretical load-deflection curve. A reasonable correlation of
load-deflection behaviour with a reduced elastic modulus was obtained. Then another two
course arch was loaded to collapse at the crown. The collapse strength was substantially
higher than that corresponding to the third point. This was because of the unbalanced
horizontal components of the dispersed load on the ring of the latter loading condition.
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Several authors later used experimental results of Towler's arches to verify their analytical
models (Rouf,1984; Cristfield,1985 (a); Yang, 1991).
In addition to using Towler's arches, Rouf (1984) used an additional two course arch to verify
his analytical model described in Section 2.4.2. This additional arch was loaded at the crown
point The arch failed in shear. His analytical model which allowed for shear mode of failure
predicted a comparable value of ultimate load.
2.5.4

The British TRRL’s programme of arch tests

Considerable need arose to assess masonry arch bridges for their safe load carrying capacity
following ever-increasing loads from vehicular traffic. To this end, the British Transport and
Road Research Laboratory in 1985 initiated a series of tests to failure of prototype bridges
which had become redundant. These were conducted as part of rectifying the shortcomings of
the MEXE method of arch assessment described in Section 2.3.4.(c). The TRRL programme
of research comprised model tests and theoretical analyses (Crisfield, 1984, 1985 (a), 1986;
Page J., 1987) in addition to the full scale tests.
The Bridgemill arch at Girvan in Scottland (Figure 2.8) was the first and the largest span in the
programme of full scale tests (Hendry et al. 1985). The bridge was made redundant as a
result of a road re-alignment scheme. Since then there have been about 10 full scale bridges
broken in the UK to date under this programme (Page J., 1987).

Figure 2.8. Bridgemill bridge; the first full scale test of TRRL's
programme
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Several authors have used recently published results of British TRRL's programme of full
scale tests (Section 2.5.4) in making comparisons with their own methods (Cristfield, 1985;
Cristfield and Packhem,1987; Harvey,1988; Hughes et al., 1990 (a); Yang, 1991). The
present study also uses some full scale test results of TRRL programme in a sensitivity
analysis of critical parameters relevant to the structural response of masonry arches and in the
calibration of these parameters, (see Chapters 6 and 8).
Detailed results of the tests were reported by Cristfield (1984,1985(a)), Page J. (1987),
Cristfield and Packhem (1987) and Hendry et al. (1985,1986).
2.5.5

Model tests of Hendry et al. on masonry arches

The earlier model investigations (Pippard et al., 1951, 1957; Towler, 1981; Rouf, 1984)
referred to in Sections 2.5.2 and 2.5.3 were confined to two-dimensional representations of
arch ribs and therefore many of the effects which are present in a bridge could not be
investigated. An actual bridge is three-dimensional and the behaviour of the arch is influenced
by the presence of the fill and by masonry of the spandrel and wing walls. In an attempt to
overcome this limitation, Hendry et al. (1991) tested a series of model arch bridges which had
span to rise ratios between 2.0 and 6.4 (Figure 8.15). The object of the tests was to examine
the general behaviour of these bridge structures and, in particular, to establish the effects on
the strength of the arch of the fill and the spandrel and wing-wall masonry. The effects on the
strength of the arch of the following components of a complete bridge were investigated:
(i) the fill material;
(ii) the fill material plus the spandrel masonry;
(iii) the fill material, the spandrel masonry plus the wing-walls.
Tests on arch rib only were carried out by Hendry et al. (1991) to make comparisons with arch
behaviour with spreading of concentrated loads through fill material. In these tests on the arch
rib only, the dead load of the fill material was applied, but without interactive effects. In
addition, the potential value of the acoustic emission technique in assessing the response of a
masonry arch to applied loads was also explored, following moderately encouraging
experience in full scale tests (Hendry et al., 1985, 1986).
They found that the fill, spandrels and wing-walls stabilise the arch and, in addition , the fill
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may spread concentrated loads over a length of the arch. Loo and Yang (1991 (a)) also
observed these two beneficial effects of the fill material on the arch behaviour. Hendry et al. in
all the tests performed, observed that there is a substantial strengthening effect on a masonry
arch from the spandrels and wing-walls. The fill by itself was found to have added to the
strength and stiffness of the arch rib, although to a considerably less degree than did spandrels
and wing-walls. These effects were observed to increase the ultimate load by a factor of about
2 to 12 times as compared with the 'arch rib only strength'. They also concluded that this
effect increases as the span/rise ratio decreases. More information of these tests is found
elsewhere (Hendry et al., 1991).
The explanation for these effects of spandrel and wing-walls lies in the restraint to the
deformation of the structure provided by the spandrel and wing-wall toward ultimate load. The
arch rib on the unloaded side tends to move upward and away form the load point. For this to
happen, the weight of the spandrels and the shear resistance mobilized have to be overcome.
The entire spandrel in that part of the bridge tends to rotate about the abutment. If a wing-wall
is present, tying two spandrels, this rotation is prevented. As a result, ultimate strength of an
arch is increased by these effects.
From two tested models which were identical in all respects, except for the fact that one was
built with low strength bricks, indicated that the strength of the material used for construction
is not a critical parameter deciding the ultimate behaviour of an arch. Yang (1991) also
demonstrated this idea in the arches which were modelled using the finite element method.
In a number of tests, acoustic emission measurements were made in pursuance of a secondary
objective mentioned in their investigation. Eight acoustic emission transducers were mounted;
four on each elevation of the arch. Acoustic emission against load curves reflected the loaddeflection characteristics of the models in the majority of cases. They concluded from the
acoustic emission data collected that acoustic emission monitoring of masonry arch bridges at
full scale, using a non-destructive load test approach, could be useful in conjunction with
predictive methods in assessing bridge integrity and load capacity. Some of these small scale
arches will be modelled in Section 8.5.
2.6 Summary
A comprehensive review of literature on theoretical and experimental work on masonry
structures with particular reference to arch behaviour has been presented in this chapter.
Strength and related properties of masonry and its constituents have been reviewed with special
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emphasis on the properties which govern the deformation and failure behaviour of masonry.
As discussed in this chapter, properties of masonry are dependent of properties of its
constituents. A review of these properties will help to clearly understand the failure
mechanisms of masonry releted to these properties. Factors influencing these properties have
also been discussed. This would enable necessary quality control measures be taken at the
construction stage of amsonry arches.
In addition, numerous techniques used to predict the behaviour of masonry have been
discussed. These range from simple elastic analyses, to sophisticated finite element methods.
It is apparent from the literature that arch assessment has been based on simplified elastic
analyses with consequent underestimated strength values. The importance of nonlinearities is
demonstrated in modelling arch behaviour. Experimental evaluations of material properties of
arches have not been comprehensive. They have not produced estimates of important
properties. A sensitivity analysis has been carried out (Chapter 6). This shows that the tensile
strength of masonry is the most important factor governing the strength of masonry arches.
The tensile strength of masonry has not been determined in the experimental evaluations of
material properties of masonry arches (Hendry et al., 1985; Hughes, 1990 (c)).
The need for a reliable analysis of this type of bridge is thus demonstrated with a clear
understanding of the means of achieving it The improved knowledge of behaviour enables
improved construction techniques to be engineered. The following major steps have therefore
been thought useful in an attempt to address this problem in the thesis:
(i) Basing the assessment process on a truly representative model of arch behaviour,
(ii) Identification of the important parameters governing arch behaviour as a contribution
toward building up imformation for an accurate assessment assessment;
(iii) Experimental evaluation of critical parameters; and
(iv) Practical suggestions for the assessing engineer.
The above tasks will be incorporated in this investigation as follows:
The analytical model described in Chapter 5 will be used in the assessment process of all
masonry arches modelled in this thesis. It takes into account the nonlinear behaviour of
masonry arches due to both progressive local cracking and material characteristics. Also the
benificial effects of the spandrel fill can be simulated. Therefore this method has been thought
to be appropriate. However the suitability of this method to predict arch behaviour will be
checked in the parametric study carried out in Chapter 8.
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A sensitivity analysis of critical parameters will be carried out in Chapter 6 to identify the
factors predominent in their effects on arch behaviour. Geometrical and material properties of
Bargower bridge in Strathclyde, UK will be used for these comparisons.
Masonry blocks extracted from Stanwell Park viaduct, NSW, Australia will be used for the
experimental evaluation of material properties. A parametric study will be carried out to
calibrate the critical parameters related to arch behaviour. Test results of five prototype arch
bridges and 2 types of model arches will be compared with analytical results in this parametric
study. Based on the findings of the parametric study and the results of the experimental
investigation, practical guidelines are given for the engineer to use in arch analysis.
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CHAPTER 3
TENSILE STRENGTH OF MASONRY
3.1 General Remarks
Masonry transmits compressive loads in a very effective manner. The tensile strength of
masonry (f t) is inherently low and hence the load carrying capacity of masonry is very
much dependent on its tensile strength. Tensile stresses in masonry arise mainly as a
result of either in-plane loading and/or lateral bending.
3.2 Factors Influencing the Tensile Strength of Masonry
The tensile strength of conventional masonry made out of normal cement: lime: sand is
relatively variable. It is essentially determined by the tensile bond at brick-mortar
interface (Hendry, 1981). Therefore factors influencing tensile bond strength should be
investigated to study the variation of the tensile strength of masonry. Among these
factors, the suction rate of bricks, the initial water content, water retentivity of mortar,
type of mortar and type of brick are important. There seem to be few systematic
investigations of the factors influencing the low tensile bond strength of masonry.
Experimental investigation by Grandet (1973) on the brick-mortar interaction showed that
the tensile strength of masonry is critically influenced by the formation of a micro-layer of
ettringite (3CaSO4.Al2O3.3CaO) at the brick-mortar interface and by the pore size of the
brick. He concluded that specific surfaces of masonry components and the capillary
dimensions considerably affect the movement of water between them and hence the
development of a mechanical bond between them. Therefore bond testing should be
encouraged as a method of constructional control rather than mortar depending on mortar
properties.
Hendry at al. in 1965 and 1966 confirmed from their experiments that the moisture
content of the bricks at the time of laying is of importance in determining the tensile bond
strength for a given type of brick-mortar combination (Hendry, 1982). Having observed
the extreme variability of tensile bond strength, they showed that, although there was no
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definite relationship between moisture content and tensile bond strength, this bond was
weaker as bricks approached their saturation moisture content. Mayes and Clough (1975)
reported that these results agreed with those of Sementov described in the reports of
Polyakov (1956) and Anderson et al. (1985). The latter indicated that wetting of bricks
prior to laying with cement mortar substantially increases the bond strength. In addition,
Sementov showed that saturated bricks lead to a considerable reduction in bond strength.
Flexural tensile strength is of greater importance than the direct tensile strength as
applications relating to direct tensile loadings are very rare. The tensile strength of
conventional masonry in flexture developed across the bed joints is determined by the
bond between brick-mortar interface, because the bond strength is almost invariably lower
than the tensile strength of masonry units or of the mortar. Tensile bond strength for a
given brick-mortar combination can be a considerable variable due to the variable nature
of the parameters which influence the bond. The recent upsurge in research and
theoretical investigations of masonry has brought about a much wider knowledge of
behaviour of masonry in tension, leading to more rational design rules. The tensile
strength of masonry has been investigated in detail by several researchers. These will be
discussed in this chapter. Some attempts made to establish a relationship between
material properties and flexural tensile strength will also be included.
The flexural tensile strength varies at different stress orientations. In relation to the
resistance of wall panels to lateral loads, Lawrence et al. (1975) found that the flexural
strength of masonry for bending in a plane at right angles to the bed joints was lower than
that for bending in a plane parallel to this direction. The ratio was found to be markedly
decreasing with the increase in flexural tensile strength across the bedjoints. Similar
conclusions were also drawn by Drysdale et al. (1985) from their bond tests.
The properties of mortar have a significant influence on the flexural tensile bond strength
of masonry. However, flexural tensile strength of conventional mortar does not usually
control the flexural strength of masonry because the tensile strength of mortar usually
exceeds tensile bond strength of mortar to brick.
The mix proportion of cement to lime, sand gradation of mortar and age are the most
important factors to be considered. The percentage of fines in a sand has a marked effect
on the tensile bond strength. The tensile bond strength decreases with an increase in the
percentage of fines. Anderson et al. (1985) confirmed this effect by bond tests with two
types of sand both in their natural state and where the percentage of fines was artificially
increased.
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The addition of lime provides an enhanced bond characteristic. West's results (1976)
indicated a noticeable difference in strength between 1: 1/4:3 (cement; lime: sand) to
mortars for flexure perpendicular to the bed joints and a slight difference in strength for
flexure parallel to bed joints. Similar observations were made by James (1983) in his
tests connected with lateral load resistance of unreinforced brick walls.
Experiments have shown that there is a significant increase in bond strength with the age
of masonry (Grimm, 1975). The mortar flows should be matched to brick suction to
optimise bond strength. Mortars with higher workability tend to give water more easily
under suction than mortars with lower workability. A higher workability should be used
with higher initial rate of absorption and vice versa.
For a given combination of masonry units and mortar, the flexural tensile strength is also
dependent on physical variables such as quality of workmanship and the method of
testing, bedjoint orientation, bedjoint thickness and specimen geometry. Laboratory built
specimens with close control and supervision can be regarded as resulting in good
workmanship and the resulting strength is greater with the scatter of test results at a
minimum.
Masonry may be tested in flexure under different loading conditions: uniform loading or
concentrated loads. Hence the number of mortar joints reaching maximum stress may
vary. Therefore the measured tensile bond strength is highly variable with the method of
testing. The measured strength may not have much meaning unless this information is
recorded.
West (1976) and James (1983) reported from their flexural strength tests on masonry
specimens that variability of flexural strength was very high in the weaker direction and
suggested that the specimen geometry was important. They observed a difference in test
strengths for flexure parallel to the bedjoints from specimens respectively of 3 courses
and 4 courses in width, the latter giving lower values for all mix proportions.
In the indirect splitting test for determining tensile strength, the orientation of principal
tensile stresses with respect to bedjoints influences the results considerably. The capacity
is a minimum when tensile stress is applied normal to the bedjoints as only mortar bond
strength contributes to the strength.
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Grimm (1975) showed that the flexural strength decreases with the increase in mortar
joint thickness. In the case of hollow block masonry elements, grouting contributes
differently to its behaviour under different stress orientations. The directional continuity
provided by the grout significantly improves the tensile capacity, especially under tensile
stresses normal to the bed joints. It has no contribution when these stresses are parallel to
the bed joints.
Mayes et al. (1975) reported that bond strength between the mortar joint and the upper
brick was less than that between the mortar joint and lower brick. They arributed this to
the fact that before laying, the upper brick moisture from the mortar would be absorbed
into the lower brick. Therefore the consistency of mortar is less when the upper brick is
hard due to this loss of moisture.
Some investigations to obtain the information required to relate material properties to the
flexural tensile strength of masonry were made by several researchers. Grimm (1975)
established a relationship to combine the flexural tensile strength of masonry and the
compressive strength of mortar and flexural strength of masonry to the tensile bond
strength of mortar to brick. In the latter relationship, thickness of the mortar bedjoint,
cement: lime ratio and a factor to account for workmanship were included. In addition to
these, Grimm (1975) also derived a formula based on experimental data to relate bond
strength between conventional mortar and brick to the initial flow rate of mortar and
mortar exposure time.
Lenczner (1972) stated as an approximate guide that f t may be taken as 10 % of its f c.
However this ratio is 25% for Stanwell Park masonry tested in this investigation (see
Chapter 7). Unusually thick bed joints encountered in the test specimens may have
resulted in a low compressive strength of stanwell Park masonry. Sahlin (1971) reported
from his tests that bond strength in tension is about 20 % of the tensile strength of mortar
or 2 % of the compressive strength of mortar. West (1976) was able to relate the flexural
tensile strength of masonry to the water absorption ratio of bricks.
3.3 Influence of f t on the behaviour of masonry
The tensile strength of masonry is relatively low compared with its compressive strength.
In many cases, the most important parameter governing masonry failure is its low tensile
bond strength. This will lead to the bond failure of local joints at low stress levels
resulting in reductions in masonry stiffness. Therefore local cracking is a major cause of
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the nonlinear response of masonry structures. Stresses will then be redistributed and the
crack propagates. This will eventuate in failure. To understand the significance of tensile
strength in the structural response of masonry elements, three selected examples are
presented herein.
In addition to the structural integrity, tensile bond strength of mortar to brick is very
important to permeance of masonry.
3.3.1 Tensile splitting of vertically loaded masonry panels
Failure in brick walls under axial compression occurs by vertical tensile splitting due to
lateral tension in the brick (seen in Figure 3.1). Strain characteristics of bricks and mortar
joints are different. Rigidity of mortar is less than that of brick and under axial load there
will be a differential lateral expansion. This differential movement is prevented by the
bond between brick and mortar. Consequently the mortar will be in a state of biaxial
compression and brick in biaxial tension-compression. Lateral tensile stresses induced in
the brick will propagate in the form of vertical cracks through the bricks and mortar.
Therefore the failure behaviour of these masonry elements is influenced by the elastic
properties of the bond between brick and mortar, hence the tensile strength of masonry.

Figure 3.1. Typical tensile splitting failure of a wall at
failure in compression
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3.3.2 Formation of tensile cracks in masonry arches
For a masonry arch of given dimensions, cracks would initiate opposite where the line of
thrust touches the intrados or the extrados of the arch rib. But initially there is only one
set of cracks formed just beneath the applied load. Because of the particular shape of the
arch, the cracks do not propagate through the entire depth of the arch rib. As the load
increases, they slow down while another 3 or 4 sets of cracks appearing almost
simultaneously in the tension zones depending on the location of the line of thrust. Figure
3.2 indicates the line of thrust and the formation of cracks in an arch under central load.

P|

Figure 3.2. Formation of tensile cracks in an arch (Loo and Yang, 1991 (a) )
Since the arch can further deform after the formation of the initial set of cracks, some of
the cracks in a region associated with a particular hinge may close, while cracks in another
region open. Final failure is indicated when an adequate number of plastic hinges are
formed to turn the arch into a mechanism. Failure of an arch is not always due to the
formation of a mechanism. The failure of the masonry can spread through the entire
depth of the arch offering no further resistance to applied loads.
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3.3.3 Behaviour of masonry shear walls
The tensile strength of masonry is an important parameter in regard to performance of
shear walls. Horizontal forces produce tensile and/or shear stresses in the wall. The
diagonal tension failure, which is mainly governed by the tensile strength properties of
masonry, will eventuate.
At low precompression (precompression is the vertical forces applied on top of a
horizontally loaded wall) failure tends to develop stepwise along the brick-mortar joints
on an approximately 45° angle as shown in Figure 3.3.

Figure 3.3. Diagonal tensile failure of masonry shear walls
As the precompression increases, the principal tensile stress causing the crack makes a
greater angle to horizontal and passes vertically through the bricks as well as along the
mortar bedjoints. To predict the structural response of masonry shear walls under
complex stress states, the directional variation of the tensile strength of masonry attributed
to its anisotropy should be considered.
The current codes of practice (BS 5628-Part I, 1978; AS 3700-1988) assign shear
strength values for shear walls. The tensile capacity in a diagonal direction is not the
same as in principal material directions. These allowable shear stresses assigned relate
only to debonding failure along the bed joints. Hence they underestimate the tensile
capacity of shear wall systems, particularly when precompressive stresses are present.
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3.4 Experimental evaluations of f't
As discussed earlier in this chapter, the direct tensile strength of masonry is of less
practical importance. Flexural tensile strength is tested by using small specimens or large
panels. The capacity of conventional masonry in flexure in the orthogonal direction to the
mortar bedjoints is essentially determined by the bond between masonry units and mortar
as the bond strength is invariably lower than the tensile strength of the masonry units or
the mortar.
3.4.1 Beam test
The beam test of determining the flexural tensile strength of masonry is specified in the
SAA Masonry Code, AS 3700-1988. For specimens having a uniform bending moment
over some part of their span, the flexural strength is inversely related to span length as the
number of joints is increased; the tendency of have a weak joint in that part of the span
length is increased. Masonry specimens can be loaded in different ways in flexure.
Hence the number of mortar joints which are highly stressed may vary. Therefore the
experimental flexural strength is very much dependent on the method of testing. It is
important to standardise the span and the loading conditions to obtain a meaningful
strength.
.
Brick prisms are stack bonded and typically of 7 bricks high. They are usually tested in a
horizontal position by applying two equal concentrated loads at the span third point in
Figure 3.4.
The two middle mortar joints are equally stressed at the maximum value. The prism
essentially fails in flexure at one of the two middle mortar joints. Since no two mortar
joints have identical bond strength with a masonry unit, the weaker one will fail though
they are equally stressed. The average strength of two joints is higher than the strength of
the weaker joint. Hence the standard beam type tests do not provide a representative test
strength of masonry. Therefore it is necessary to test a sufficient number of prisms and to
base the strength calculation at a desired confidence limit. For this purpose, test results
can be assumed to fit into a normal probability distribution.
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Figure 3.4. Beam test (Grimm, 1985)

When the mean strength of the weakest joint and its variance are known the mean strength
of any number of joints and its variance are given by :
Mw —Mn - ks Gn
Gw

—kv Gn

31

....( . )

32

.... ( . )

where, Mw = mean strength of weakest of n joints
Mn = mean strength of a joint
ks = joint strength coefficient
kv = joint strength variation coefficient
Gw = standard deviation from the mean strength of the weakest of n joints
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= standard deviation from the mean strength of n joints

Grimm (1985) used a computer program to generate 2 000 random numbers having a
normal distribution, from which the ks and kv were determined. Figures 3.5 and 3.6
depict these results respectively.

Figure 3.5. Determination of ks (Grimm, 1985)

Figure 3.6. Determination of kv (Grimm, 1985)
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This method of determining flexural strength is used for quality control purposes at sites
and in masonry research. But it is not used to establish flexural design strengths. The
allowable flexural design stress is determined by flexural testing of masonry panels (BS
5628-Part I, 1978).
3.4.2 Bond wrench test
The bond wrench test measures the tensile bond strength of the mortar joint to the brick.
A bending moment is applied to the joint to be tested by a bond wrench. SAA Masonry
Code AS 3700-1988 specifies that the bond wrench should be of such mass proportions
that stresses imposed by the bond wrench on the tested joint do not exceed 0.10 MPa
either in flexural tensile stress or flexural compressive stress. The specimen is clamped
onto a retaining frame as shown in Figure 3.7. Applied measuring loads are such that the
flexural stress at failure can be recorded to an accuracy of within + 0.002 MPa.
Because of the simple nature of the test, it can be repeated for a large number of joints,
providing an unbiased statistical sample since all individual joints are tested. On the other
hand the beam test discussed earlier does not reflect the influence of all joints in the prism
on the test strength of masoniy. Hence the bond wrench method is encouraged for a
realistic estimate of mean flexural tensile bond strength of masonry.
Another advantage of this method is that it .can be applied even on constructed masonry,
provided a sufficient restraining or stabilising support is ensured to prevent collapse of the
masonry being tested. The bond wrench method can be adopted as the standard field
control test because of its relative simplicity.
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Figure 3.7. Bond Wrench test
3.4.3 Indirect methods
Johnason and Thompson (1967) developed a diametrical test procedure similar to the
indirect Brazilian test for concrete to establish the tensile strength of masonry. In this
method a point compressive load is applied along the diameter of a circular masonry disc
(Figure 3.8).
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Figure 3.8. Indirect splitting test
Failure o f the disc is typically by splitting along the loaded diameter as a result o f the
transverse tensile stresses induced. Johnason and Thompson (1967) found that the
induced lateral tensile stress is approximately constant for about 65% o f the diameter o f
the disc. A lso for the elastic behaviour o f a hom ogeneous disc the maximum principal
tensile stress w as shown to be
r _ 2P

f t ~^A

....(3.3)

in w hich f t = the tensile strength o f masonry;
P = the failure load and
A = the area along the splitting plane.

The diametrical testing o f masonry discs has several advantages over other methods. It
has been proved to be sim ple and less liable to be affected by testing errors for the
determination o f tensile strength. Because o f the unusually small scatter o f results
compared with either beam test or bond wrench test (Johnason and Thom pson, 1967) the
method can be regarded as a highly reliable means o f obtaining the tensile strength o f
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composite masonry. However due to the limitations of shape of masonry blocks, this
method could not be used to determine the tensile strength of Stanwell Park masonry
(Section 7.2).
Drysdale et al. (1978) reported that the results are less influenced by stress concentrations
and the rate of loading has little effect on the test results. Thus surface imperfections have
no effect on the splitting strength as the splitting failure occurs through the central portion
of the specimen.
A further advantage of masonry disc diametral testing is the variety of information that can
be obtained by varying the bedjoint orientation with the principal tensile stress. When the
angle between the direction of the principal tensile stress and the bedjoint is 90° (q = 90°
in Figure 3.8), results of diametrical testing of masonry discs give a measure of bond
strength of mortar to brick. When this angle is 45°, results imply a measure of the shear
strength of masonry assemblage which is relevant to masonry beams and shear walls.
The derivation of Equation (5) was based on the assumption that the disc is of
homogeneous material. Brickwork is essentially a non-homogeneous material and the
above assumption has to be questioned. However, Drysdale et al. (1978) used a finite
element method to analyse the stress distribution along the loaded plane of the disc. The
finite element results of longitudinal and transverse stresses along the loaded plane of the
disc were in good agreement with those of a thin circular plate analysed using elastic
theory. Hence the use of Equation (5) in calculating the tensile strength of masonry is
justified. However, in his finite element analysis of non-homogeneous circular masonry
discs, a concentration of high principal tensile stresses was found to be induced in the
elements of lesser stiffness; the greater the modular ratio of materials the larger the peak
tensile stresses. This is a topic to be further researched on producing high strength
masonry.
3.5 Summary
The sensitivity analysis carried out in Chapter 6 indicates that the tensile strength of
masonry is the most important factor related to the strength of masonry arch bridges. The
influence of the tensile strength of masonry on masonry behaviour has been discussed.
The tensile strength of masonry is extremely low and variable. Therefore the causes of
masonry’s low tensile capacity and the associated crack patterns as well as failure
mechanisms have to be clearly understood. Literature reviewed under this chapter is an

55

Chapter 3: Tensile Strength of Masonry

attempt to achieve such understanding. Three practical examples are introduced to present
different failure modes connected with tensile cracking. Causes for the associated tensile
cracks have also been explained. Also discussed in this chapter are the factors affecting
masonry’s low tensile strength. It will help to achieve higher strength of masonry in
terms of tensile capacity as desired by the engineer. Finally experimental methods of
evaluating the tensile strength of masonry are presented. The advantages of bond wrench
test over the other direct method presented (beam test) have also been discussed.
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CHAPTER 4
COMPRESSIVE STRENGTH OF MASONRY
4.1 General Remarks
Masonry structures are principally stressed in compression. Naturally considerable attention
has been focussed on how masonry resists loadings of this nature. Extensive experimental
testing has been undertaken to relate its strength to the characteristics of its constituent
materials; bricks and mortar. Conclusions drawn from these tests have been used to develop
an approach for specifying design strengths of masonry. These specifications are in the
form of graphs or tables in which the main input variable is the unit compressive strength
with some adjustment for mortar designation (BS 5628-Part I, 1978; AS 3700-1988).
Strong bricks will usually produce strong masonry. These design strength values are
conservative for most combinations of unit and mortar. The strength design is based on
entirely empirical results and it gives little insight into the response of brick-mortar
assemblage.
4.2 Compressive Strength Testing and Factors Affecting the Compressive
Strength of Masonry
Compressive strength tests of stack bonded masonry prisms are used to evaluate the quality
of non-homogeneous masonry assemblages as a basis for design strength and fundamental
research. The compressive strength of masonry is very much influenced by unit-mortar
interaction (see Section 4.3). A thorough understanding of unit-mortar interaction on prism
strength is important if the behaviour of masonry structures under various loadings is to be
predicted from the strength values obtained of prisms.
The compressive strength of masonry may be determined in two ways: the use of an
approximate relationship (eg. Grimm, 1975) between unit strength, mortar type and
masonry strength; the compressive strength tests on small prisms. Constitutive relationships
are used in the first method to allow for the effects of secondary variables (variables other
than brick strength and mortar strength) on masonry strength. Prism tests give a better
estimate of the compressive strength of masonry. The strength is typically obtained from
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unconfirmed com pression tests on a series of stack bonded prisms. Since prism tests reflect
the above effects, tests o f this nature are more representative.
For the determination o f com pressive strength, som e capping material such as plywood or
soft board is usually placed on the top and bottom o f the prism. The specimen is then loaded
axially in com pression to failure. The failure load derived from the net area indicates an
estimate o f the masonry compressive strength. A typical testing arrangement can be seen in
Figure 4.1.

Figure 4.1. Uniaxial com pression test on masonry
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Research work has shown that there are two broad groups of variables which have a bearing
on the prism compressive strength. The first group of these includes the factors which tend
to modify the stress patterns in prisms under test and lead to apparent masonry strengths
which are different from results on full size samples. Factors such as prism geometry,
capping material and type of masonry bond fall into this category. The second group is the
factors which determine the actual failure mechanism of the prism. These factors comprise
deformation characteristics of units and mortar, joint thickness, brick suction, water
retentivity of mortar and workmanship.
4.2.1 Effects of platen restraint and capping
The effect of platen restraint may be described as the modification to the stress system of the
prism caused by the friction between the test piece and the platens. Capping material is used
between steel platens of the testing machine and the masonry prism to obtain a uniformly
distributed load. The capping material considerably influence the test strength of the prisms
of low aspect ratios or of few courses. If a homogeneous isotropic material is tested in
compression between platens or capping material of higher elastic modulus than the test
specimen, no lateral tensile stresses are induced in the specimen. When the stiffness of the
platen or capping material is less than the test material, tensile stresses are induced in the
specimen due to the lateral deformation of platen or capping. For brittle masonry whose
tensile capacity is extremely low, the lateral deformation of platen or capping material can
substantially reduce the load required for failure. West et al. (1966) found that platen
restraint resulted in a 50% apparent strength increase compared with the results obtained
with mortar capping on both ends. Lenczner (1966) recorded 75% more lateral strain in the
bricks of masonry prisms with mortar capping compared with that obtained with plywood.
Yokel et al. (1971) found that the strengths obtained with fibre boards were 44% lower than
those with plaster. Strips of plywood or medium density hard board of thickness 4 mm to 6
mm are recommended in the SAA Masonry Code AS 3700-1988.
4.2.2 Effects of prism geometry.
Investigations have shown that an increase of the height of the prism leads to lower failure
loads (Hendry et al., 1981). Rigid platens result in apparently high masonry compressive
strength. If the height or the number of courses of the prism is increased between a set of
rigid platens, masonry in the centre of the specimen subjected to artificial stresses would be
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less. Mayes and Clough (1975) reported an initial decrease in apparent strength with an
increased number of courses tending toward a constant strength limit. For this reason SAA
Masonry Code AS 3700,1988 specifies the aspect ratio of the prism (height to least
horizontal dimension) to be less than 4.
4.2.3 The effect of bond pattern
Masonry units can be combined in different patterns by displacing the units from one course
to another. These differences have a relatively small effect on the basic strength of masonry
(Sahlin, 11971; Hendry, 1981). As briefly discussed already (see Section 3.3.1), masonry
in vertical compression fails by vertical splitting induced by tensile stresses in the biaxial
state of stress. Prisms having vertical mortar joints are more representative than stack
bonded prisms and lead to lower strengths. Joint thickness to unit height ratio is an
important factor determining strength of prisms. If different heights of units are laid in
different courses, it is safe to consider in the calculation that the whole masonry panel is
made of low units. This is because thicker mortar joints with low units would allow a
greater differential movement of units and mortar in the lateral direction. However, bond
type in the prism should simulate the bonding pattern in the structural element as far as
possible.
4.2.4 Effect of masonry unit strength
A stronger brick will usually produce strong brickwork for a given mortar combination
(Lenczner, 1972; BS 5628-Part I, 1978; AS 3700-1988). Mayes and Clough (1975)
reported that the strength of solid walls was more clearly related to the shearing strength of
the brick than any other strength property measured. The compressive strength of brick
measured flatwise appeared to be the next best measure.
For a given mortar, the ratio of wall or prism strength to masonry unit strength has been
identified as the "efficiency" of the wall or prism (Mayes and Clough, 1975). For sand-lime
brick masonry the efficiency factor may be up to 50% and it can be as high as 90% for
concrete brick masonry (Sahlin, 1971). This may be due to the inherendy low variation of
strength of concrete bricks. The efficiency factor is only an approximate estimate as it is
influenced by capping material, test machine bearing platens and the method of testing on
brick and masonry strengths. Comparisons made between test results obtained in different
laboratories can be misleading unless the method of testing , particularly the stiffness of the
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machine head and capping of bricks and prisms are well defined and controlled. However,
even under the best control the efficiency factor account is considered to imply a good
correlation between wall or prism strength. The brick strength as failure of individual bricks
and prisms or walls is not governed by the same factors. Prisms or walls usually show
vertical cracks after failure, but brick test specimens often show 45° cracks after failure as
the mode of failure is influenced by the platen restraint of the machine. The brick failure in
this case refers to a shear failure whereas the failure of bricks in a wall is due to biaxial
tension-compression in the plane of the prism or wall caused by the expanding mortar joints.
4.2.5 The type and strength of mortar
Mortar has a strong correlation with the compressive strength of masonry. As the ductility
of mortar increases the lateral deformation of weaker joints produced by lateral tensile
stresses in the prism become greater. Hence mortars with high compressive strength or low
elastic modulus will result in higher masonry strength. Sahlin (1971) reported that masonry
strength may vary as the 1/3 power or 2/3 power of mortar strength for a given brick
strength. The interaction between the brick and mortar has a marked influence on masonry
strength. Lenczner (1972) carried out tests where a wide range of rigidity of bonding
material was covered ranging from soft rubber to steel. Masonry with soft rubber bed joints
led to the lowest strength while the highest strength was recorded for masonry with steel
joints. Similar observations were made by Ganju (1977) in a series of panel tests with a
similar range of bed joint materials.
.
Some investigators have found that an artificial increase in mortar strength by introducing
chemical additives can substantially increase the average compressive strength of standard
prisms (Greenley, 1967; Watstein et al., 1970).
4.2.6 Effect of joint thickness
The influence of joint thickness with respect to the height of the masonry unit is of
paramount importance. Higher strengths of masonry are obtained for lower ratios of bed
joint thickness to unit height. Ganju (1977) obtained the highest strength value for prisms
without mortar joints. This is because mortar is usually the weakest part of masonry.
Sahlin (1971) and Mayes and Clough (1975) reported independently for a given brick
strength, about a 55% decrease in strengths of 4 high prisms for an increase in joint
thickness from 6 mm to 18 mm. Lenczner (1972) and Francis et al. (1973) also observed a
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similar variation. Sahlin (1971) proposed an approximate guide for eliminating the variation
of masonry strength with the joint thickness within normal practical limits. It says that the
masonry strength is decreased by about 15% for every 3 mm increase in bed joint thickness
and vise versa.
4.2.7 Effect of initial rate of absorption (IRA)
The compressive strength of masonry is considerably reduced due to excessive brick
suction. This is due to bricks excessively absorbing water from the mortar preventing the
cement being completely hydrated. On the other hand wet bricks with lower IRA values
have the drawback of long drying times. Sahlin (1971) showed that this effect is more
marked for a lime-sand mortar than for a cement-sand mortar.
4.2.8 The influence of workmanship
Strength of masonry in common with other structural materials is strongly affected by
workmanship, particularly with low strength brick and mortar. The effects of workmanship
are often detrimental and are due to improper filling of vertical header and collar joints and
deep turrowing of bed joints. Also the addition of lime above specifications to improve
workability will result in lower strengths. As already discussed, thicker joints will lead to
lower strengths. Sahlin (1971) reported that for brick strengths up to 20 MPa an increase in
strength of up to 100% can be obtained by improving the workmanship over ordinary
construction. Mayes and Clough (1975) also reported a similar finding on ‘supervised’ and
‘ordinary’ masonry. But for higher brick strengths the gain will be less. Safety factors
should reflect the use of control measures and where uninspected workmanship is practised,
appropriate design reduction factors should be stipulated. The partial safety factors for
material strengths of masonry specified in the British limit state Code of Practice (BS 5628Part I, 1978) are reproduced in Table 4.1.
Table 4.1 : Reduction factors for masonry strength
Category of construction
control
Special
Category of
manufacturing control of
Normal
units

Special
2.5

Normal
3.1

2.8

3.5
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4.3 Mechanism of Failure for Masonry Subjected to Direct Compression
The degree of deformational incompatibility between stronger units and weaker mortar controls the
response of masonry under axial compression. Failure is usually by considerable vertical cracking
due to lateral tension caused by laterally expanding mortar joints which are substantially remote from
the restraining influence of the platens of the testing machine. High strength mortar seems to delay
the cracking. At failure numerous cracks appear. Typical of such a failure pattern in a brick wall is
shown in Figure 3.1.
The tensile splitting of masonry assemblages in compression is rather old empirical observation and
the reasons for vertical cracking is well documented. Mortar is more ductile than brick and under
axial loads it tends to expand laterally to a greater extent than the brick. A differential movement is
thus created. This movement is prevented by surrounding bricks due to the bond between the brick
and mortar and frictional resistance to slip between bricks and mortar at interfaces. The mortar has
usually been crushed before the assemblage fails and it is prevented by the bricks from squeezing out
of the bed joints. Consequently mortar will be stressed in a state of triaxial compression and the
brick in compression and biaxial tension-compression. The lateral stresses induced in a central brick
and in the adjacent mortar beds are illustrated in Figure 4.2.
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Figure 4.2. Stresses in brick and mortar due to axial compression
(M ayes and Clough, 1975)
Failure occurs by splitting due to transverse tension in the brick and propagates downward
through brick and mortar bedjoints. Therefore it is obvious that the elastic properties of both
constituent materials influence the ultimate strength of masonry.

4.4 Summary
This chapter has briefly set out the factors influencing f c and the relative importance of these
on the failure behaviour o f masonry structures. Particular emphasis is placed on test bound
influences and the effects o f workmanship on strength testing of masonry. The failure
mechanism o f masonry under direct compression discussed in Section 4.3 shows that the
failure is in the form of vertical tensile cracks due to differential lateral movement between
expanding mortar and stiffer bricks. This will help reader to understand the the significance
o f the tensile strength o f masonry on masonry behaviour although the sensitivity analysis
carried out in Chapter 6 shows that the compressive strength of masonry is insignificant
with regard to strength o f masonry arch bridges. Flowever masonry o f desired quality has
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to be produced in the construction process of a given arch. Another requirement is that such
a combination of brick and mortar has to produce satisfactory durability. The literature
reviewed in this chapter would provide engineer an understanding of achieving masonry of
such quality.
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CHAPTER 5
A FINITE ELEMENT APPROACH TO MASONRY ARCH
ANALYSIS
5.1 General Remarks
Apart from the experimental investigation carried out in regard to material properties of masonry
arches (Chapter 7), an analytical investigation is carried out in this thesis to study the sensitivity
of some critical parameters on the structural response of masonry arches and calibration of these
parameters against full scale test results published elsewhere (Chapters 6 and 8). Analysis of all
the arches included in this thesis is done by the nonlinear finite element model developed by
Yang (1991). This chapter is devoted to reviewing the principal features of this method. This
method is chosen because of its versatility in reproducing the structural performance of an arch,
which will be discussed in the following sections.
5.2 Material Characteristics
Masonry is treated as a continuum in the finite element analysis with average properties. The
assumption of average properties of masonry ignores mortar joints acting as planes of weakness
which is the major cause of material nonlinearity. Therefore the influence of mortar joints is
allowed for by carrying out lower bound and upper bound analyses where mortar properties and
brick properties are used respectively for the entire arch in the analysis (Section 6.2.3). It is
found that the upper bound solution gives a closer estimate of the solution of a particular arch
with average masonry properties.
Yang (1991) used the experimental results published by Dhanaseker et al. (1985) and Ali (1987)
to assign material properties used in the finite element model. The average values of modulus of
elasticity of brick were taken to be 17 000 MPa and 14 000 MPa for stresses normal to bedjoints
and parallel to bedjoints respectively. The average of Poisson's ratio, id for for brick was 0.18.
The tensile strength and the compressive strength values of masonry were taken to be 1.2 MPa
and 15.2 MPa respectively. Mortar properties relevant to 1 : 5 (cement: sand) were
investigated. The initial tangent modulus of elasticity was taken to as 7400 MPa and the the
Poisson's ratio was 0.21. The strength values were found to be 0.78 MPa in tension and 8.5

66

Chapter 5: Finite Element Model

MPa in compression. However these values vary with different types of bricks and mortars.
She used brick properties for the entire arch in the analysis. Sensitivity analysis carried out in
Chapter 6 shows that all these parameters except the tensile strength values do not have much
influence on the general behaviour of masonry arches. Therefore except for the tensile strength
value, these assumptions for the other material parameters are reasonably justified. The tensile
strength of masonry for individual arches has to be carefully assigned. It is usually difficult to
be determined. Therefore Yang (1991) tested a range of values for individual arches which she
modelled.
5.3 Material model
The nonlinear behaviour of masonry is resulted from the nonlinear deformation of masonry and
the effects of progressive local cracking. Of these effects the effects of cracking is usually the
dominant cause of nonlinear behaviour of masonry (Ali and Page, 1989 (b); Page, 1979;
Dhanaseker and Page, 1986). Both local cracking and material nonlinearities were included for
the material model to be representative of masonry behaviour.
A realistic representation of material characteristics in various stress domains is essential in
carrying out an accurate analysis of masonry structures. Hence it is desired to develop a
complete material model of masonry covering these stress ranges.
A complete material model requires a definition of constitutive relations before and after failure
and a suitable failure criteria. The constitutive relations depend on the stress state and any
previous local failures in masonry. Masonry was assumed to be in a state of plane stress.
Masonry has a very complex behaviour involving phenomena such as inelasticity, cracking and
interactive effects between brick and mortar joints. Its strength behaviour is also affected by the
nature of loading. Due to these complexities, no simple failure criterion can be expected to
provide complete description of strength properties under all stress states. Therefore a set of
criteria must be established for the true representation of behaviour of masonry.
5.3.1 Constitutive relations
The average stress-strain relations obtained for masonry at pre-failure stages have similar
characteristics to those of plain concrete (Yang, 1991). But material properties obtained from
these relations vary due to material variations and test bound influences as discussed in Chapters
2, 3 and 4.
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Figure 5.1 show s the stress-strain relations for bricks, mortar and m asonry as reported by Ali
(1987).

Figure 5.1. Stress-strain curves o f masonry and its constituents (A li, 1987)

A s discussed in Sections 2.2.2 and 2.4.2 mortar stress-strain curve w as derived indirectly from
the results o f com pression tests on brick masonry prisms. The results o f the experimental
investigation undertaken by Dhanaseker et al. (1985) indicates that brick masonry exhibits
elastic brittle behaviour when it is subjected to either biaxial tension or tension-compression
stress state (reproduced in Figure 5 .2 (a )).
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(a) in tension
Figure 5.2. Constitutive relations o f brick masonry (Loo and Yang (1991 (a ))

where o and 8 = instantaneous stress and strain respectively
f t = uniaxial com pressive strength o f m asonry
Ecu = uniaxial com pressive strain at the stress level o f f t
(

The parabolic stress-strain variation seen in Figure 5.2(b) was suggested by Pow ell and
H odgkingson (1976). The equation o f this curve is
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(a) In tension
The elastic material matrix relevant to elastic-brittle behaviour (Figure 5.2(a) )was related to
incremental stress-strain relation as follow s :
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....(5.2)

where ax and ay = normal stresses in the global x and y directions
TXy = shear stress
E = Young’s modulus
D = Poisson's ratio
8Xand 8y = strains in x and y directions
yXy = shear strain
and the shear modulus
G=—
E—
2(l+u)
The Equation (5.2) was also expressed in the following form :
....(5.2a)

da = De de
where De = elastic material matrix
da and de = incremental stress and strain vectors respectively.
i
‘
(b) In compression

The nonlinear material matrix relevant to biaxial compression-compression stress state (Figure
5.2(b)) was of the similar form as the elastic material matrix except for the fact that Young's
modulus, E was replaced by tangent modulus, Et corresponding to a given stress level.
da = Dep de
Et

where Dep
1

-

v

2

0
1 V
0
\) 1
0 0 1-0)
2

.... (5-3)

....(5.4)
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5.3.2 Failure criteria
Since masonry exhibits brittle properties under under tension, conventional failure criteria
proposed by Chen and Saleeb (1982) for plain concrete in the tension related structures were
adopted in the material m odel. The sim plified von M ises criterion was used to identify crushing
type o f failure (Figure 5.3).

Zone 1

Zone 3
Tension

Figure 5.3 : Failure criteria for brick masonry (Loo and Yang, 1991 (a ))

Although the use o f this failure surface is conservative in high com pression, its use was justified
since a local crushing type o f failure in masonry arch bridges is rarely observed.
The possible failure m odes o f m asonry continuum for the state o f stress reaching a certain
critical value are described using the failure zones given in Figure 5.3. The effect o f local failure
was com pensated for in the analysis by assigning reduced coefficients for material properties.
These w ill be briefly presented in this section since they are described in detail in the material
model elsew here (Yang, 1991). Reduced stiffness matrix for post-failure material behaviour

71

Chapter 5: Finite Element Model

was adopted as:
klE 0
0
k,E
0
0

0
0
....(5.5)

where ki, k2 and k3 are given in Table 5.1 in which <() is the stiffness reduction factor and p is
the crack-surface interlock factor.
Table 5.1 : ki, k2 and kß in Equation (5.3)
zone

kl

k2

k3

1
2
3
4

<t>
0
1
1»

<t>
1
0
♦

<t>
ß
ß
4>

(a) Cracking of material in both principal stress directions
When the stress state is of biaxial tension-tension type and both of principal tensile stresses lie
outside the tensile failure envelope (zone 1 of Figure 5.3), cracking occurs in both principal
directions. Material loses its tensile capacity completely. The value of <J) was taken to be zero.
(b) Cracking of material in one direction
When the stress state is one of tension-compression and principal tensile stress exceeds the
limiting value prescribed by the tensile fracture envelope (zones 2 and 3 of Figure 5.3), cracking
occurs in one direction. In this case masonry loses its tensile strength in the direction parallel to
the principal stress which violates the failure criterion. Some residual shear stiffness was
allocated to the cracked masonry to account for frictional interlocking effects on the rough crack
surface, This was done for by assigning a small value for p. The value adopted was 0.001.
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(c) Crushing of material
This occurs when the state of stress is of biaxial compression-compression type and the stress
level lies beyond the simplified von Mises failure surface (zone 4 of Figure 5.3). Material was
assumed to lose its strength completely. The value of <|>was taken to be zero.
5.4 Fracture Modelling
When considering masonry as a continuum, there are two distinct failure modes, namely the
tensile failure generally associated with brittle behaviour and compression failure caused by
ductile properties of the material. The tensile failure is defined by formation of cracks and the
loss of tensile strength normal to the direction of cracks. Crushing of the material and complete
loss of strength characterises the definition of compression type of failure.
5.4.1 Crack modelling
The tensile weakness of masonry and the resulting cracking is the most significant factor
contributing toward the nonlinear response of masonry. Therefore the modelling of tensile
cracking is undoubtedly the most important factor to be considered under fracture mechanics of
masonry.
Gradual growth of cracks which are characteristics of tension failure of masonry join together
and eventually disconnect larger parts of the structure. Two common crack modelling
approaches have been employed in the analytical investigations of masonry structures using
finite element technique, namely smeared crack modelling and discrete crack modelling. The
choice of a particular crack model depends on the purpose of the analysis. If the overall
structural behaviour is desired, the smeared crack modelling is the best model to be selected. If
detailed local behaviour is of interest, discrete cracking modelling is probably the best option.
Smeared cracking modelling was adopted as the masonry was considered to be a continuum
with average properties. A crack model must include three components: a definition of crack
initiation, a method of crack representation and a criterion for crack propagtion.
Crack initiation was desired by the failure criteria expressed in terms of stresses which are
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presented in Section 5.3.2. Cracking w as then represented by 'smearing' the effects o f the
cracks over the width o f the relevant elem ent In the smeared crack approach, the cracked
material is assum ed to remain as a contimuum, i.e. the cracks are 'smeared out' continuously.
The smeared crack is represented by an infinite number o f parallel fissures across the cracked
elem ent (show n in Figure 5.4) rather than representing a single discrete crack. After
representing the crack it w as allowed to grow based on the inherent strength o f material and local
state o f stress.

Figure 5.4. Idealised single crack in smeared cracking m odelling

Before cracking, the uncracked masonry is assumed to have isotropic behaviour. For the
uncracked masonry the elastic material matrix De given by the Equation (5.2a) or the nonlinear
elastoplastic matrix Dep given by the Equation (5.1) were used depending on the state of stress.
Onset o f cracking introduces orthotropic material properties and one o f the principal axes will
becom e oriented along the crack direction. At the onset o f cracking the material stiffness matrix
Df after failure w hich is given by the Equation (5.5) was used to allow for consequent
orthotropic material properties. For stiffness calculations, Df after failure was transformed into
the global coordinate system x-y (Figure 5.4) from the local coordinate system t-n o f the cracked
elem ent by using the transformation matrix T (Equation (5.8) ).
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For the local coordinate system t-n,

jlddvet

(dan
1(den
dat ■ =[Dr]
dant)
da = Dfde

(5.6)
....(5.6a)

Transformed material matrix, D after failure is given by :
D = TT Df T
cos20 sin20 cos0sin0
where T = sin20 cos20 -cos0sin0
-sin20 sin20 cos20-sin20

•(5.7)

....(5.8)

and 0 = crack orientation in relation to the global system x-y.
These imply the following incremental stress-strain relation for the cracked material:
da = D de

.(5.9)

5.4.2 Modelling of compressive crushing
A complete release of all local stresses was assumed when crushing occurs under biaxial
compression-compression stress state. Also the material is assumed to be incapable of
transmitting any further load at this stage. The factors ki, k2 and k3 in Equation (5.5) were
taken to be zero in modelling compressive crushing.
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5.5 Stress Redistribution
W hen the material failure occurs in any one o f the forms described in Section 5.4, the local
stresses are released. These stresses are to be redistributed to adjacent material o f the arch. The
released stresses are assumed to be generated discontinuously from zero to the specified
magnitude at the onset o f fracturing. H ence the fractured area would extend and failure zone
propagates.
The incremental stress-strain relationship proposed by Chen and Saleeb (1982) was used in the
stress redistribution analysis o f masonry after failure. This phenomenon is illustrated in Figure
5.5 .

Figure 5.5. R elease o f stresses at fracture (Loo and Yang, 1991 (a) )

The total stresses released are denoted by the stress vector
to be distributed at a given fracture location is given by :
ÄG = da - o

0

and and the total stress change AG*

....(5.10)

where d o is obtained from Equation (5.9).
The rate o f crack growth depends on the manner in which they are allowed to redistribute.
Various material failure m odels allow for the release o f stresses at failure in different ways.
Figure 5.6 show s that the rate o f stress redistribution can vary between immediate distribution of
stresses (brittle collapse shown in Figure 5.6 ( a ) ) to no dissipation o f stresses (ductile
behaviour shown in Figure 5.6 (b )). A li and Page (1989 (b )) showed that an intermediate type
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o f collapse m odel between these tw o extrem es is appropriate for masonry structures (Figure 5.6

(c))

Figure 5.6. Material m odels for tensile failure o f masonry; (a) Elastic perfectly brittle collapse; (b) Elastic-perfectly plastic collapse; (c)
Intermediate failure (Loo and Yang, 1991 (a ))
t
where f t is the uniaxial tensile strength o f masonry
8cr is the strain corresponding to stress level ft
N is the tensile strain softening parameter.
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The elastic-perfectly brittle collapse m odel causes difficulties in solution convergence o f the
numerical technique; the elastic-perfectly m odel is not an accurate representation o f material
behaviour o f masonry. Therefore an intermediate m odel was used in the analysis (Figure 5.6 (c)
). The tensile strain softening parameter identifies the ductile behaviour o f masonry after failure.
Ductility in masonry is caused by the nonlinear characteristics o f mortar joints. The value of N
must be calibrated for a particular type o f masonry by presenting the analytical results to
comparison with the results o f failure loads o f m asonry arches.

5.6 Finite Element Model
The material m odel and the fracture m odelling described in the preceding sections are
incorporated into a finite elem ent m odel. Therefore the method essentially includes
nonlinearities due to both material behaviour o f masonry and progressive local failure.
A quadrilateral isoparametric (four-noded) elem ents with 3 x 3 Gauss integration were chosen to
model the arch rib. A ll these finite elem ents were considered to possess the material properties
described earlier. The fill between tw o spandrel w alls (shown in Figure 5.7) serves two
purposes. First is that the w eight o f the fill im proves the stability o f the arch.

spandrel

Figure 5.7. Elem ents o f an arch (Loo and Yang 1991 (a) )

Secondly it transmits live loads im posed at the road level down to the arch rib. To incorporate
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these benificial effects o f the arch the entire bridge system is simulated in the analysis using two
types o f finite elem ents as shown in Figure 5.8.

C

arch

(b) quadrilateral isoparametric arch elem ents

Figure 5.8. Finite elem ents in an arch bridge (Loo and Yang 1991 (a) )

The spandrel fill is simulated by continuum elem ents with relevant material properties. The self
weight o f the fill w as applied to the arch rib through a series o f hinge supports idealised on the
interface between the fill and the rib.
The reactions at these supports are the forces that provide additional stability to the arch rib. It
was found that the load dispersion effect through the spandrel fill has a significant influence on
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the failure strength of an arch under symmetrical loads. This was found to be much more
significant than the stabilising effects produced by the weight of the fill. The horizontal
pressures produced by both load dispersion and the weight of the fill significantly improves the
ultimate strength of an arch, specially under a quarter point loading condition.
The modelling of the arch rib is a standard procedure, illustrated in Figure 5.8(b). The
horizontal and vertical reactions of fill elements at the fill-rib interface (Figure 5.8(a)) were
reversed at the corresponding positions on the arch rib (Figure 5.8(b)) to transmit loads on to
the rib.
•
The solution technique was both incremental to allow for loads to be applied incrementally and
iterative to accommodate progressive local failure. All stress and strains were determined at each
Gaussian point and the points at which failure has occured were traced out. Therefore en
element or a part of it may fail at a particular load increment. Depending on the state of biaxil
stress, the revelant failure criterion described in Section 5.3.2 was applied to check local
fracture. Also the model allows for an element to respond partially elastically and partially
elastoplastically depending on the stresses present at each Gaussian point. If cracking or
crushing occurs, effects are smeared at that Gaussian point and the rest of the element is allowed
to function.
The material nonlinearity at prefailure stages was allowed for in the numerical analysis by initial
stiffness method. Because the rate of convergence dropped at the onset of failure the solution
technique was changed at this stage to modified Newton-Raphson method and also the local
incremental factor was reduced. Final failure was obtained when there were large number of
residual nodal forces at a particular increment or when the solution was diverging in the iteration
process.
5.7 Summary

.

A computer based nonlinear analytical precedure has been used for the investigation earned out
into the nonlinear behaviour of masonry arches. In this chapter, this two-dimensional finite
element model is presented in detail. Failure criteria used and the adopted constitutive
relationships corresponding to compressive and elastic-brittle behaviour of’masonry are
discussed. These together with the smeared crack modelling technique enable the progressive
failure analysis of masonry arches to be carried out. The stress redistribution scheme is
explained for the simulation of nonlinearity due to local failure. Post-cracking tension softening
representation is discussed which incorporates the ductile behaviour of masonry in the material
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model. Finally the iterative procedure used in the solution technique to obtain the failure load
and the associated failure patterns is described.
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CHAPTER 6
SENSITIVITY ANALYSIS OF CRITICAL PARAMETERS
6.1 General Remarks
As discussed in Chapters 2, 3, and 5 the number of variables influencing the structural
response of a masonry arch are numerous. Not all these variables have an equal bearing
on the arch behaviour. Hence it is very important to distinguish between most sensitive
parameters on the bridge behaviour under live loadings. The study is an attempt to
scruitinise the behaviour of prototype masonry arch bridges and makes an effort to
determine the effects of modelling parameters on the results. The understanding of the
impact of these parameters in structural modelling is important for the engineer to be able
to ensure adequate safety in the performance of such bridge systems.
The implications of the results with respect to modelling of masonry arches are discussed
under each parameter. Structural deformations and the ultimate load of an arch provide
the basis for evaluating the response to applied loads. The sensitivity analysis involves a
full scale masonry arch bridge at Bargower which was tested to destruction in 1985
under the British TRRL research programme of examining MEXE method of assessment
(described in Section 2.3.4 (c)). This bridge was relegated to a secondary road network
as a result of road realignments. The sensitivity of arch behaviour to both material and
geometrical properties of the arch ring and the beneficial effects of the fill material on arch
strength are investigated in this chapter. The following material properties are
progressively varied: the elastic properties (Young’s modulus and Poisson's ratio), the
compressive strength of masonry (fc), the tensile strength of masonry (ft) and tensile
strain softening (post-cracking) parameter (N).
The Effects of dual purpose spandrel fill (detailed description is found in Section 5.6) is
studied by making comparisons between the results of three models. Two of these
models are used to demonstrate the benificial effects on the arch strength of load
dispersion through the spandrel fill. The weight of the fill material induces an added
stability to the arch ring. This will be illustrated by the failure load of the third model.
Consideration is also given to investigate the effects of mesh size and the load step size on
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the ultimate load behaviour o f masonry arch bridges.

6.2 Full ScaleLoading Procedure of Bargower Bridge
The deep gorge at Bargow er had allow ed a semi-circular arch to be built. It was of
relatively recent construction and w as backed with large plumbs o f dressed stone
voussoirs to a significant depth.
The leading dim ensions o f Bargower bridge are detailed in both Figure 6.1 and Table 6.1.
The elastic m odulus and the com pressive strength o f stone were estimated from laboratory
tests on specim ens o f red sandstone from which the bridge was built. Properties o f
com bined stone and mortar o f the bridge were estimated from previous tests conducted at
the U niversity o f Edinburgh (Hendry et al., 1986). These are tabulated in Table 6.2.

Figure 6.1. Bargower bridge - leading dim ensions (Yang, 1991)
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Table 6.1. Geometrical properties of Bargower bridge
L(m)

f(m)

h (m)

d(m)

B (m)

R(m)

10.36

5.18

1.2

0.558

8.68

5.18

Where L - intrados span
f - rise at mid span
h - fill depth at mid span
d - ring depth at mid span
B - width of the bridge
R - inner radius of the ring
Table 6.2. Material properties of Bargower bridge
_______ (After Hendry et al., 1986)________

stone

mortar

33.0

10.0

E (MPa)

f t (MPa)

f c (MPa)

stone
-

mortar
-

y

(kN/m3)

stone

mortar

arch

en

14100

4700

27.0

21.0

Where E - Elastic modulus
y - Bulk density
Bargower bridge was tested at 1/3 span. The bridge was loaded at the road elevation so
as to accommodate the dispersion of load through the fill. One abutment was supported
by a rock face while the other was on softer ground, but no movement of springings was
detected before failure (Hendry, 1986; Harvey, 1988). In all the analyses carried out in
this chapter the load is applied at 1/3 span to coincide with the full scale test of Bargower
bridge.
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6.3 Parameters Affecting the Performance of Masonry Arches
The main purpose of the investigation is to understand fully the structural performance of
masonry arches subjected to critical loading cases. When masonry arches are subjected to4
external loadings, there may be variations in stress within the entire arch rib. A study of
variation in masonry properties is essential in highly stressed regions of the arch rib. In
addition the influences of the spandrel fill have to be investigated. These will provide
useful imformation for the assessing engineer. This study is concerned with the
investigation of Bargower bridge to test its sensitivity to the above material parameters.
The effects of the positions of live load is not investigated as these are well established
elsewhere (Heyman, 1980; Hughes et al., 1990 (a)). Each parameter is studied
independently by modifying only one parameter at a time. Effects of each parameter are
discussed based on results of the sensitivity analysis and some important conclusions are
drawn which may be used in the analysis of an arch bridge.
6.3.1 Sensitivity of arch behaviour to elastic modulus E and Poisson's
ratio x>
The anlysis considers masonry to be homogeneous. Thus average properties are
assumed. In many natural stones, particularly in composite masonry, elastic modulus
varies with time and conditions (particularly the moisture condition) of the material.
Therefore the values of elastic modulus of masonry for individual bridges are essentially
unobtainable. No work has been done, todate, on producing elastic modulii for use in
arch bridge analysis.
Since E and X) are stiffness related properties, sensitivity of structural deformations to
these properties are also investigated. Results obtained by varying E and v are compared
with those obtained using experimentally determined material properties. The sensitivity
of arch behaviour to the elastic modulus and Poisson's ratio is demonstrated in Table 6.3.
It is obvious from Table 6.3 that the elastic modulus and Poisson's ratio do not seem to
have significant influence on the ultimate load behaviour of an arch. However E is an
important parameter as far as serviceability conditions are concerned. Reduction in E
increases the deflection of the arch significantly. This is because of the reduced stiffness
of the arch. This is feature is illustrated in Figure 6.2.

Table 6.3. Sensitivity of arch behaviour to E and X)

E
(MPa)

%
difference
differene*
Case
in X)
inE
0
1
-50
. 0.16
7000
0.16
0
2
-29
10000
0
0.16
0
3
14100
-38
4
14100
0
0.10
-63
14100
0
0.06
5
* % differences are with respect to relevant laboratory estimates
t Displacement at 1/3 span
%

X)

Pult
(kN/m)

$max^
(mm)

658
647
647
650
668

3.80
2.67
1.89
1.93
2.02

%

difference
in $max
101
41.3
0
2.0
7.0
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With 50% reduction in E, there is 101% increase in the deflection under the load point.
As can be seen from Table 6.3, the Poisson’s ratio has no significant effect on the
deflections. The failure patterns corresponding to changes in d are presented in Figure
6.3. The propagation of cracks at the unloaded abutment is seen to be slighdy reduced
with 63% reduction in the u value. This is because the smaller the value of v the lesser

Deflection (mm)

Figure 6.2. Effects of variation of E on P-8 curves of Bargower bridge
is the Poisson’s effect on crack propagation. However this reduction in v seeme to be
insignificant on the crack band under the load. Therefore it can be concluded that E and v
have no significance as far as the strength design of an arch is concerned. But the value
of E has to be such that the deflection of the arch is permissible.
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Legend: Green line - Tension, Green dot - Tensile crack, Red line - Compression, Red
dot - Crushing fissue
(a) x> = 0.16

Legend: Green line - Tension, Green dot - Tensile crack, Red line - Compression, Red
dot - Crushing fissue
(b) a) = 0.06
Figure 6.3. Effects of X) on failure patterns of Bargower bridge
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6.3.2 Sensitivity of arch strength to f't and f’c
As previously discussed in Chapters 2,3 and 4, masonry transmits compressive loads
very effectively. Due to the brittle nature of masonry units and mortar, its tensile strength
is extremely low. Therefore failure on many occasions is governed by the inherently low
tensile strength or the arch behaviour is less sensitive to the compressive strength of
masonry.
In varying f’t, a value of 1.6 MPa which is approximately equal to the tensile strength
values derived in the experimental investigation (see Sections 7.2 and 7.2.2) is adopted as
the datum. The value of f c is kept constant. The compressive strength of stone which is
obtained form Table 6.2 (33.0 MPa) is used for f c of masonry to study the sensitivity of
f’t on arch behaviour. This assumption is justified from the results presented of the
parametric study of f’c (see Table 6.4). The decrease in arch strength produced by a
slight reduction in f’t from 1.6 MPa or vise versa is significant. f’t is varied from 0.8 to
2.0 in this study. Next the value of f c is varied while keeping the tensile strength of
masonry constant at 1.6MPa. The results are detailed in Table 6.4. It can be seen from
Table 6.4 that the effect of f’c on the ultimate load of the arch is almost insignificant.
Therefore the range within which f c is varied is not important f c is varied between 10
MPa and 45 MPa. Even a large reduction in f c of about 69% has not resulted any
difference in the ultimate load. On the other hand f’t has a significant effrect on the arch
strength. A reduction of 50% in f’t has resulted a 28.7% reduction in the ultimate load
(case 1 of Table 6.4). Also the ultimate strength of Bargower bridge has increased by
15.6% for an increase in f t of 25% (case 5 of Table 6.4). Relevant failure patterns are
shown in Figures 6.4 and 6.5.

Table 6.4. Sensitivity of strength assessment to ft and f c
ft

%

%

Pult

fc

%

Pult

%

Case

(MPa)

difference
in ft

(kN/m)

difference
in Pult

(MPa)

difference
in f c

(kN/m)

difference
in Pult

1
2
3
4
5

0.8
1.2
1.6
1.8
2.0

50
25
0
12.5
25

461
554
647
696
748

28.7
14.3
0
7.5
15.6

10.0
16.0
33.0
40.0
45.0

69.7
51.5
0.0
21.2
36.4

647
647
647
647
647

0
0
0
0
0

,
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Legend: Green line - Tension, Green dot - Tensile crack, Red line - Compression, Red
dot - Crushing fissue
(a) f t = 1.2 MPa

Legend: Green line - Tension, Green dot - Tensile crack, Red line - Compression, Red
dot - Crushing fissue
(b) f t = 1.6 MPa
Figure 6.4. Bargower bridge - sensitivity of failure behaviour to f t
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Legend: Green line - Tension, Green dot - Tensile crack, Red line - Compression, Red
dot - Crushing tissue
(c) f t = 2.0 MPa
Figure 6.4-contd.
Figure 6.4 shows that f t is an important parameter in determining the failure pattern of
Bargower bridge. An increase in f t from 1.6MPa to 2.0 MPa has caused a wider crack
propagation (Figures 6.4 (b) and (c)). This is because when the value of f t is higher,
masonry has a higher capacity in resisting stresses in the principal tensile stress direction.
The reduction in Ft has altered the positions of crack zones (see Figures 6.4 (a) and (b)).
Also a noticeable reduction in the propagation of crack zones can be observed before the
complete failure has occured. Therefore extreme caution has to be exercised in the
construction process of this type of arches to achieve the design tensile strength of
masonry.
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Legend: Green line - Tension, Green dot - Tensile crack, Red line - Compression, Red
dot - Crushing fissue
(a) f c = 5.0 MPa

Legend: Green line - Tension, Green dot - Tensile crack, Red line - Compression, Red
dot - Crushing fissue
(b) f c = 16.0 MPa
Figure 6.5. Bargower bridge : sensitivity of failure behaviour to f c
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Figure 6.5 indicates that the failure patterns and the crack propagation are almost
unaffected for a reduction in f’c from 33 MPa to 5 MPa. Compressive crushing has not
been observed in both cases. This is because the magnitude of compressive stresses
induced within the arch rib is well below the compressive strength of masonry. Therefore
f*c is not a critical parameter in the design of arches.
6.3.3 Sensitivity of arch behaviour to the strain softening parameter
Because of relatively high strength of masonry in compression, crushing type of failure
would not occur in arches of practical dimensions. Hence only the effects of tensile strain
softening are investigated. The limited ductile behaviour exhibitted by masonry is
controlled by this parameter. Tensile strain softening is used primarily with smeared
crack models. Various strain softening representations for the post-cracking response of
concrete have been reported in the literature (Leibengood et al., 1986), but not for
masonry. The slow crack propagation and strain softening behaviour of masonry as
described in Section 5.5 are taken into consideration by adopting the model of tension
failure of masonry as shown in Figure 5.6(c). The application of strain softening
concept improves the realism of post-cracking representations of masonry. The
decending branch of the curve defined by the strain softening parameter, N is extremely
difficult to monitor experimentally. Hence calibration of N has to be undertaken against
results of failure tests on prototype arches, on producing realistic estimates to use in arch
bridge analysis. This will be further investigated in Sections 8.4 and 8.5.
The value of ft is kept constant at 1.6 MPa which is obtained as a rough guide from the
experimental investigation (Sections 7.2.1 and 7.2.2). With f t = 1.6 MPa a value of 14
is required of N to obtain a comparable ultimate load with the experimental value of
Bargower bridge. Therefore the variation of N is centered at N = 14 and values ranging
from 10 to 16 are used in the analysis.
Table 6.5 shows that the value of N has a noticeable influence in the ultimate load. A
reduction in N of 43% has reduced the ultimate load of Bargower bridge by 5.8%. A
similar percentage increase has resulted in an increase of 3.2% in the ultimate load.
Therefore the gain in strength with increased N is lesser than the strength reduction with a
similar percentage reduction of N.
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Table 6.5. Sensitivity of strength assessment to N
Case

N

% difference in N

Pult (kN/m)

% difference in
Pult

1
2
3
4
5
6
7

8
10
12
14
16
18
20

43
29
14
0
14
29
43

609
627
634
647
658
665
668

5.8
3.1
2.0
0
1.7
2.7
3.2

Figure 6.6 shows crack patterns at failure for different values of N.

Legend: Green line - Tension, Green dot - Tensile crack, Red line - Compression, Red
dot - Crushing Tissue
(a) N = 8 (case 1 of Table 6.6)
Figure 6.6. Crack patterns of Bargower bridge for different N values
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Legend: Green line - Tension, Green dot - Tensile crack, Red line - Compression, Red
dot - Crushing Tissue
(b) N = 14 (case 4 of Table 6.6)
Figure 6.6-contd.
6.3.4 Influences of the spandrel fill
The fill between two spandrel walls and the road level is usually of stone or brick debries.
To investigate the beneficial effects of the fill, three loading cases of Bargower bridge are
considered as shown in Figure 6.7.
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(a) with load dispersion

(b) without load dispersion
Figure 6.7. Loading cases to demonstrate the influences of the fill
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(c) with no fill
Figure 6.7-contd.
The fill is simulated using 2-dimensional continuum elements with specific material
properties. As discussed in Section 5.6, transmission of loads from the fill to the arch rib
in loading cases (a) and (b) is through a series of hinges on the interface between the fill
and the arch rib. The load is applied on top of the fill at road level for loading case (a)
whereas the load is applied on the arch rib for loading case (b) to simulate no load
dispersion through the fill. The loading case (c) is introduced to make comparisons to
demonstrate the stabilising effects produced by the weight of the fill material. The test
programme is detailed in Table 6.6 together with ultimate loads.
Table 6.6. Bargower bridge - beneficial effects of spandrel fill
ultimate load (kN/m)
case (a) *

case (b) *

case (c) *

647

603

535

* Read in conjuction with Figure 6.7.
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It can be observed from Table 6.6 that the loading case (a) has produced the highest
ultimate for the arch bridge. In moving to loading case (b) the ultimate load becomes
lower. The increased strength produced by loading case (a) is due to the arching action
produced by the horizontal components of the dispersed load. Comparision between
Figures 6.7 (b) and (c) (when the fill is completely removed) shows a further reduction in
the ultimate load. This is because the arching action produced by the horihontal
components of the weight of the fill has been removed. Therefore it can be concluded that
the fill material serves two perposes: it improves the load carrying capacity of masonry
arch bridges by dispersing live loads through the fill and the weight of the fill material
provides an added stability to the arch rib.
6.3.5 Lower bound and upper bound solutions
Masonry is a two phase material consisting of elastic mortar set in an inelastic mortar
matrix. As discussed in Section 2.2, experimental results of Page (1978) and Ali (1987)
indicate nonlinear material behaviour of masonry even at relatively low stress levels. This
results in relatively large deformation capacity in masonry mortars. Nontheless bricks in
masonry exhibit elastic behaviour almost up to failure. Consequent inelastic deformations
of masonry arches should be accounted for, in order to accurately predict the arch
behaviour. The assumption of homogeneous material properties would otherwise lead to
an arch of stiffness higher than the realistic value.
The induced errors due to the above assumption are justified by establishing material
properties to obtain lower bound and upper bound solutions. Material properties of stone
are adopted for the entire arch to obtain the upper bound solution while those of mortar
are adopted to investigate the lower bound failure.
Tensile strength is predominant in its effects on the response of an arch to structural
loads. The tensile strength of mortar is much lower compared with that of brick.
Experimental evaluation of material properties on Bargower masonry (Hendry et al.
,1986) which were later compiled by Cristfield (1985) and Hughes et al. (1990 (c)) are
used in the analysis. Unfortunately no estimate was recorded of the tensile strengths of
either of constituent materials. Therefore Ali's (1987) estimates of 0.78 MPa and 1.2
MPa are used for tensile strengths of mortar and bricks in the lower bound and upper
bound analyses respectively. Material properties used in these analyses are tabulated in
Table 6.7.
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Table 6.7. Material properties for lower and upper bound analyses of Bargower bridge
solution
Lower
bound
(mortar
properties)
Upper
bound
(stone
properties

fc

ft

E

Yarch
(kN/m3)

Yfill
(kN/m3)

y

10.0

0.78

4700

27.0

21.0

0.21

33.0

1.2

14100

27.0

21.0

0.18

The lower bound and upper bound estimates of failure loads are given in Table 6.8.
Failure strength of full scale loading of Bargower bridge seems to be close to the upper
bound solution. This can be attributed to the fact that stress-strain characteristics of
masonry and its units are very similar and close to each other (Figure 5.1). Therefore the
use of brick properties instead of those of masonry will not result a significany difference.
On the other hand the lower bound solution gives a conservative estimate of the ultimate
load.
Table 6.8. Lower bound and upper bound failure loads of Bargower bridge
Upper bound (kN/m)

Lower bound (kN/m)

Experimental (kN/m)

672

476

647

6.4 Parameters Affecting the Finite Element Analysis
The sensitivity of the analytical technique used in the assessment process is influenced by
certain factors which are non-qualitative of the masonry arch. The effects of these factors
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on the response of the finite element model adopted in the study are investigated in this
section. The effects of load step size and the mesh size are also considered.
As will be seen these factors control the computing time requested for convergence of the
analytical solution of Bargower bridge. The followings are the convergence tests
undertaken to obtain the optimum solution of Bargower bridge in terms of computing time
and memory storage for a required accuracy.
6.4.1 Load step size
The load step size may have a significant influence on the prediction of structural
behaviour of masonry arches. Both the orientation and the number of cracks that crop up
in an arch are affected by the size of the load step used in the analysis (Figure 6.8). This
is because, as can be observed in a large load step, premature failure is induced as
cracking is initiated at a lower load. Therefore attention is focussed on the sensitivity of
the response of a masonry arch bridge to the relative size of the load step used in the
analytical procedure.
Tables 6.9 and 6.10 show the results of tests undertaken to investigate these effects. For
load levels below the initial cracking, the analytical results are essentially independent of
the load step size (Table 6.9).

(a) small load step (0.5)
Figure 6.8. Failure patterns of Bargower bridge with different load steps
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(b) large load step (1.0)
Figure 6.8-contd.
In the finite element analysis, with its provision for tensile strain softening, an element
can soften gradually depending on the value assigned to N while continuing to transfer
larger stresses perpendicular to the cracked direction. When the load is applied in small
steps, micro - cracked elements may gradually relieve stresses in adjacent elements and
crack propagates. This is evident from Figure 6.8.
From Table 6.10 it can be seen that after the first crack has formed, a load step of 0.5 has
produced a closer estimate of the ultimate load with the experimental value. A load step of
1.0 has over-estimated the strength of the arch. This is because after the formation of
initial cracks during the incremental loading procedure, the use of a large load step at the
onset of failure will apply a further load increment which is more than what is required for
the computer program to indicate the failure of the arch. On the other hand a small load
step size would considerably increase the cost of computing time required of the solution
technique (Table 6.10) as the number of load increments to reach failure is greater.
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Table 6.9. Bargower bridge - pre-cracking behaviour with load step size
Load step
size *

Load at which 1st
crack appears (kN/m)

No. of load
increments at the onset
of 1st crack

Pult
(kN/m)

0.5

413

3

647

1.0

416

2

647

1.5

413

1

647

* Expressed as a factor of initial load
Table 6.10. Bargower bridge - post-cracking behaviour with load step size
Load step
size*

No. of load
increments
for failure

Pult (kN/m)

P experimental
(kN/m)

CPU
timet(s)

0.5 (small)

69

647

647

246.3

1.0 Oarge)

37

658

647

222.4

* Expressed as a factor of initial load
t CPU time on Sun.3/80 computer
As a practical suggestion load step sizes of 1.0 and 0.5 can be used to analyse pre
cracking and post-cracking behaviour of masonry arches.
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6.4.2 The mesh size
To check the sensitivity of the finite element model employed in this investigation to
changing element size, a convergence study is carried out by varying the mesh size. The
results of this study are tabulated in Table 6.12. With a value of 1.6 MPa for f’t which is
approximately equal to the experimentally determined value (see Sections 7.2.1 and
7.2.2), a value of 14 was required for the parameter N to obtain an estimate of the
ultimate load comparable with the experimetal value. All comparisons are carried out by
assuming these values in the linear tension softening representation.
Table 6.11. Bargower bridge - effects of arch mesh size
Case

1
2
3
4
*

b

No. of
layers
4
3
3
3

No. of
sections
20
40
80
100

Total no.
of
elements

Aspect
ratio
a/b*

Pult
(kN/
m)

No. of
load
increments

CPU
timet

80
120
240
300

0.16
0.43
0.87
1.15

1020
844
647t
1029

454
149
69
63

921.1
441.2
246.3
308.9

m ia

t Best estimate with respect to experimental collapse load (Section 8.2) of 647 kN/m
(Hendry et al., 1986).
The results given in Table 6.11 show that the ultimate load behaviour is influenced by the
mesh size. The computing time involved was found to be initially decreasing with the
fineness of the mesh as the number of load increaments required to reach failure is
reduced. It leads to closely correlated results with the test load. Futher increase in the
fineness of the mesh results in an increase in the compuing time.
An accurate finite element model produces convergent load-deflection curves as the mesh
is refined. With f t and N being 1.6 MPa and 14 respectively, the computed loaddeflection responses of Bargower bridge for various mesh sizes are shown in Figure 6.9.

(s)
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Deflection (mm)

Figure 6.9. Bargower bridge - effects of mesh size on load-deflection curves
The use of larger elements in a course mesh seems to result in somewhat stiffer curve as
coarse mesh leads to a higher structural stiffness of the arch. Larger elements are less
sensitive to stress concentrations. On the other hand a fine mesh with smaller elements
results in softening of a relatively small portion of the arch due to reduction of stiffness of
a single element when cracked. Therefore a finer mesh causes the first crack to appear
earlier than a coarser mesh resulting a closer estimate of the ultimate load at full scale. As
a practical guide an aspect ratio between 0.8 and 0.9 has to be selected to accurately
predict the arch behaviour in an economical way in terms of computing time.
6.4 Summary
In this chapter, the finite element model outlined in Chapter 5 has been used to investigate
the relative importance of various parameters influencing the arch behaviour. Two groups
of parameters have been considered in this investigation. The first group consists of
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parameters relevant to material modelling and the second group has been the parameters
which are non-qualitative of the masonry arch which affected the finite element analysis.
Also demonstrated are the beneficial effects of spandrel fill.
The tensile strength of masonry f t and the rate of release of stresses in the region of a
crack as governed by the strain softening parameter have been found to be predominant in
their effects on the failure behaviour of masonry arches. In comparison with f t, the
influence of the compressive strength of masonry f c, elastic modulus E and Poisson’s
ratio )Tare insignificant on the arch behaviour. Therefore the engineer must obtain a
reliable estimate of the tensile strength of masonry if the analysis is to be realistic. In the
case of a new arch bridge it is very important to ensure that the design tensile strength of
masonry is achieved in the construction process. The bond wrench test may be used on
both occasions to estimate f’t as the maswonry specimens as well as constructed masonry
can be tested by this method. The strain softening parameter N is difficult to be
determined experimentally. Therefore it has to be calibrated against full scale loading of
arch bridges. These calibrated values may then be adopted to analyse arches made of
similar masonry.
In the design of new arch bridges, geotechnical considerations should be given to the
spandrel fill to obtain a proper load dispersion effect. Finally the finite element mesh
generation of the arch rib has to be done to achieve an aspect ratio of the elements between
0.8 and 0.9 to obtain an economic solution in terms of computing time.
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CHAPTER 7
EXPERIMENTAL INVESTIGATION OF MASONRY PROPERTIES
7.1 General Remarks
To fully define the failure characteristics of masonry under biaxial stresses, the basic
material properties associated with failure criteria under all biaxial stress states (discussed
in detail in Section 5.3) should be evaluated. An extensive review of the significant
factors affecting masonry strength characteristics have been carried out in Chapters 2, 3
and 4. The finite element method adopted in this investigation assumes a masonry
continuum with average properties. Thus the emphasis in this investigation is on the
determination of properties of masonry assemblage. These masonry properties are
established using the standard tests carried out on masonry specimens prepared from the
blocks rescued from the Stanwell Park viaduct, NSW, Australia, a multispan masonry
arch bridge structure on tall piers. The various tests are described in the following
paragraphs.
The testing programme comprises tensile strength tests and uniaxial compression test on
masonry as a material. The tensile strength of masonry is difficult to determine. In the
sensitivity analysis (Chapter 6), it was shown that the tensile strength of masonry is
predominant in its effects on the failure behaviour of masonry arch bridges.
Unfortunately there has been no work done, to date, on producing tensile strength value
of masonry in relation to arch analysis. In an attempt to overcome this deficiency two
types of tests are undertaken to determine the tensile strength of masonry. These tests
were designed in such a way that portions remained undamaged from one test could be
used for another test. This would enable reliable estimates of masonry strengths to be
obtained even with limited specimens available from the salvaged Stanwell Park masonry.
Both beam test and bond wrench test methods led to almost similar tensile strength value
indicating the confidence in the estimate of ft. Values for elastic modulus, E and
Poisson's ratio x> of masonry are also derived from the strain measurements done on the
beam specimens and masonry prisms tested in axial compression.
Uniaxial compression tests are performed on individual bricks to demonstrate the
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inconsistency of properties from brick to brick, which gives rise to scattered test results of
masonry properties. All these tests are carried out to comform to the standards as laid
down by the SAA masonry code AS 3700-1988.
7.2 Experimental Programme
The entire test programme undertaken to define the material parameters of masonry are
summarised in Table 7.1.
Table 7.1. Test programme
Test

Purpose

1. Beam test on masonry.

Destructive test to determine ft E and 1)
of masonry.

2. Bond wrench test on masonry.

Destructive test to determine ft of
masonry.

3. Uniaxial compression test on masonry
prisms, normal to bed joint orientation.

Destructive test to determine f c and E of
masonry.

4. Uniaxial compression test on bricks.

Destructive test to verify the inherent
variability in brick strength.
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7.2.1 Beam test on masonry
The beam test specified in the SAA Masonry Code AS 3700-1988 requires stack bonded
masonry prisms be tested symmetrically on two supports for the determination of flexural
tensile strength of masonry. Stack bonded prism could not be obtained because of
different bonding technique adopted in Stanwell Park masonry. Therefore tests were
undertaken on beam specimens of which a schematic testing arrangement is shown in
Figure 7.1. The strength values were calculated from first principles. However general
guidelines given in AS 3700-1988 were observed during testing.
Four specimens were tested in this manner. The dimensions of beam specimens are given
in Table 7.2.
Table 7.2. Dimensions of beam specimens
Beam

ll (mm)

1(mm)

b (mm)

d (mm)

Pult
(kN)

1

470.0

703.5

222.0

248.0

36.39

2

476.0

697.0

230.0

236.8

45.28

3

476.0

695.5

219.0

238.8

63.5

4

480.0

691.5

229.0

234.0

30.0

Method of
strain
measurments
-

Demac
dial
gauges
Elecrical
resistance
gauges
Elecrical
resistance
gauges

Each beam specimen was mounted on the Instron-2000 universal testing machine as
shown in Figure 7.2. This figure shows the testing machine, control panel. Plotters for
monitoring the vertical deflection at mid span and longitudinal and vertical strains of
bottom fibres of the beam at mid span are also seen.
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Figure 7.1. Beam test on masonry

Figure 7.2. Beam test on masonry - typical testing arrangement
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Figure 7.3 shows specimen 1 being placed on two supports with the two point loads
applied. A close-up of the application of load is Shown in Figure 7.4.

Figure 7.3. Beam test on specim en 1

Figure 7.4. Beam test - application of load (specimen 1)
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The total load (P) was increased at a rate of 300 kN/min (Cl.A.6.2) until failure occured.
To identify the failure stage, a graph between the total load (P) and the mid span defection
of the beam was monitored on a plotter atteched to the control panel of the testing
machine.
Longitudinal strains of bottom fibres at mid span of the beam 3 were measured on two
gauge lengths of 200 mm each on the underside of specimen by using electrical resistance
gauges. Strains measured on these two gauges were averaged to eliminate any lateral
bending effects. These results were used to evaluate the elastic modulus of masonry.
Demac demountable dial gauges were attached on each side of specimen 2 (Figure 7.5).
A gauge length of 200 mm which covered 2 mortar joints was adopted for longitudinal
strains. The corresponding lateral strains were recorded on a 50 mm gauge length to
obtain an estimate of Poisson's ratio u This 50 mm gauge length included one mortar
joint. Vertical strains were measured at mid span, just 100 mm above the soffit of the
beam and a correction factor based on lineai srtain variation was applied to obtain strains
at the bottom fibres.

Figure 7.5. Strain measurementsby Demac dial gauges (specimen 2)
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Failure was typically originated at a vertical mortar joint in each case (see Figure 7.6)
except for one specimen in which cracking started to appear through a brick (see Figure
7.7).

Figure 7.6. Typical failure of a beam test specimen

Figure 7.7. Failure of a beam specimen originated through a brick
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Table 7.3 gives test results of beam specimens and the calculated test strength values for
each specimen. A specimen calculation is given in the Appendix B.l. Results of beam
test specimen 4 were disregarded in calculating the tensile strength of masomy and the
elastic constants E and \) as the failure occured through a vertical plane of weakness
(mortar joint) throughout the depth (Cl.A.9.2, AS 3700-1988)
Table 7.3. Results of beam tests on masonry
Beam

Pull (kN)

fsp(MPa)

1

36.39

1.28

2

45.28

1.70

3

63.5

1.85

4

30.0

0.78*

* Abnormal test result (Cl. A.9.2, AS 3700, 1988)

Mean f t = 1.61 MPa

The mean strength was 1.61 MPa with a coefficient of variation of 24% (Cl. A.9
(Appendix A))
Electrical resistance strain gauges were attached to specimen 3 and 4 at mid span and at
the level of the bottom fibres with a view to obtaining estimates of elastic modulus and
Poisson's ratio. Two gauges of length 200 mm were glued on to the underside of the
beam (Figure 7.8) and two 50 mm gauges were on either side of the beam in the verticall
direction (Figure 7.9). Due to a fault with equipment, it was not possible to monitor the
strain in the vertical direction (£y) at mid span of beam specimen 3. However, using
longitudinal strains (ex) and the applied load (P) it was possible to estimate a value of
Young's modulus of masonry. Calculation is set out Appendix B. The value estimated
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Figure 7.8. Beam test - longitudinal strain measurements by electrical gauges

Figure 7.9. Beam test - vertical strain measurements
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Poisson s ratio of masonry,!) was estimated from the strain measurements made on
specimen 2 (Figure 7.5). Poisson’s ratio was found to be rather constant up to a stress
level of 83% of strength of masonry and the value estimated was 0.14. Calculation is set
out in Appendix B.3
The failure of a beam specimen in the beam test method is related to a crack through one
vertical mortar joint. The effects on the tensile strength of the other joints are disregarded
in this method. Therefore this method cannot be considered as highly appropriate for
tensile strength evaluation of masonry. Also this method cannot be used on site. Since
the electrical measurements can usually be made with a greater accuracy, the value
estimated for the Young’s modulus of masonry by using the specimen 3 can be regarded
as reliable.
7.2.2 Tensile strength of masonry by bond wrench test
Bond wrench test is a recently introduced method of determining the tensile strength of
masonry. Testing was carried out in accordance with the specifications given in the SAA
Masonry Code AS 3700-1988. Typically test specimens consist of two bricks bonded
together with a mortar joint. The bottom brick is held on a supporting frame and a
bending moment is applied to the mortar joint by a special arm (bond wrench) attached to
the top brick. A bench wise was used (Figure 7.11) as the retaining frame to provide
stabilising support to prevent collapse of masonry being tested (Cl. A.7.2 (b)). The
Bond wrench was first calibrated according to clause A.7.3. The details of the calibration
are given in Appendix C.l.
A bond wrench which applies bending moment to the joint to be tested in the specimen is
shown in Figure 7.12. Masonry specimens were limited in number and the portions
remained undamaged in the beam test (Section 7.2) were used to obtain sufficient number
of specimens (Cl. A.3.6). All specimens tested were of two basic types; some had a
longitudinal mortar joint in the bottom unit while others had both longitudinal and lateral
joints in the bottom unit of the specimen (Figure 7.10).
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Specimen type 1
T - Tension side
C - Compression side
1

Specimen type 2

t

T

C

Figure 7.10. Types of specimens of bond wrench test
The effects due to these longitudinal joints were minimised by having them on the
compression side when tested. Also some of the joints tested were raked on one or both
faces of the specimen. On such occasions the raking or the greater depth of raking was
placed on the compression side.
The lower portion of the specimen was securely retained in the bench wise ensuring that
the mortar joint to be tested was 1 mm to 3 mm above the surface of the clamping. Thin
strips of plywood were used on the clamp faces to prevent crushing of masonry. Fresh
strips were used for each test. The bond wrench was then clamped to the top masonry
unit of the specimen (Figure 7.11) by again placing thin strips of plywood on clamp
faces.
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Figure 7.11. Bond wrench test set-up
The arm of the wrench was adjusted to be horizontal. The empty loading pan was
suspended on the loading hook of the wrench. The pan was loaded (Figure 7.13) at an
even rate of 10 kg/min until the top unit of the specimen separates from the lower unit
(Figure 7.12).

Figure 7.12. Failure of a test specimen
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Figure 7.13. Loaded pan applies a bending moment to the mortar joint
Table 7.4 gives the results of bond wrench test. A specimen calculation is given in the
Appendix C.3.
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Table 7.3. Results of bond wrench test
Specimen
1
2
3
4
5
6
7
8
9
10
11
12
13
14 .

t (mm)
100.0
102.5
109.5
107.5
115.0
102.0
106.0
110.0
105.0
102.0
105.0
112.5
116.5
87.5

1(mm)
231.5
227.0
225.5
236.0
224.0
228.0
226.0
222.5
210.0
215.5
213.0
215.5
235.5
233.5
Mean

fsp (MPa)
0.381 *
2.442
#
1.814
0.725 *
1.187
1.105
0.563 *
1.214
1.543
3.699 *
2.708
#
1.601
1.70

# Joint was so deteriorated that it could not be tested
* Abnormal test result (Cl. A.9.2., AS3700-1988)
The mean flexural tensile strength of masonry is 1.70 MPa with a coefficient of variation
of 32%.
Test results of four specimens were disregarded because of the unusual strength values
obtained (Cl.A.9.2). A considerable scatter in test strength of specimens is evedent and it
is mainly due to the following reasons.
(i) Non-uniformity of joint thickness due to poor workmanship (Appendix C.5).
(ii) Different degrees of joint deterioration due to:
(a) varying environment factors such as frost action, root attack of plants and
saturation;
(b) railway traffic loads.
(iii) Inherent variation of brick properties (see Section 7.2.4).
However bond wrench test gives a better estimate of f\ mortar joints are tested
individually. Unlike in the beam test, this method does not disregard the effects of other
mortar joints on the tensile strength of masonry. This method may be used on
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constructed masonry which is an advantage over the beam test method. Because of the
simple nature of the test, it has a better repeatability and reproducibility of test results.
Hence bond wrench method of testing masonry for its tensile strength is encouraged.
7.2.3 Determination of compressive strength of masonry
A series of eight masonry panels (with sizes approximately 335 mm x 240 mm x 110
mm) which were sawn from the portions remained undamaged (Clause A.3.7) from the
beam tests were tested in uniaxial compression. The load was applied normal to bed
joints. The Tests were carried out in accordance with the SAA Masonry Code AS 3700
1988. A typical testing arrangement is shown in Figure 4.1.
Vertical strains were monitored using electrical resistance gauges with a gauge length of
120 mm. The mode of failure was typical with vertical tensile split or splits propagating
through masonry (Appendix D.l).
Table 7.4 shows the test results of the eight masonry panels tested in this manner.
Detailed calculations are given in the Appendix D.2.
Table 7.4. Uniaxial compression test on masonry
(Fsn = Failure load, fSD= 1"est strength of specimen)
Specimen

Height

Length

Width

106.5
347.0
238.5
1
105.0
347.5
238.0
2
105.5
295.5
238.5
3
113.0
337.7
238.0
4
106.5
335.0
240.0
5
115.5
331.0
239.0
6
108.8
328.3
242.0
7
105.5
295.5
239.0
8
* Calculation of fsp is given in the Appendix D.2

Fsp (kN)

V (MPa)

310.0
262.0
163.0
504.0
294.0
411.0
342.0
284.0

5.95
5.09
4.16
10.35
6.54
8.39
7.58
7.24

Mean compressive strength was 6.92 MPa with a coefficient of variation of 26%. Mean
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value of Young’s modulus of masonry was found to be 6141 MPa. Calculations of these
results are shown in Appendix D.2 and D.3 respectively.
7.2.4 Uniaxial compression test on bricks
This test was performed on 9 bricks to determine the compressive strength of bricks.
Bricks were obtained from the undamaged portions of previous tests. In each case load
was applied normal to the bedjoint orientation (bricks were tested flatwise). The rate of
loading was maintained at 300 kN/min. A typical testing arrangement is shown in Figure
7.15. The influence of platen restraint was minimised by placing bricks between strips of
medium density hard board of of 4 mm thickness whose length and width exceeded the
bed face dimensions of each brick by 25 mm. Fresh strips were used for each test.
Mortar bedjoints on bricks were trimmed off by having perfect cuts to apply the load
uniformly.
The results of this test are shown in Table 7.5. Calculation of the uniaxial compressive
strength of bricks is shown in Appendix E.
Table 7.5. Uniaxial compression test on bricks
(Fsn = Failure load, Isn = Test strength of brick)
Brick
1

2
3
4
5
6
7
8
9

Height

Width

Length

Fsp (kN)

% (MPa)

75.0
80.0
78.5
80.0
77.0
77.5
55.5
72.0
80.5

108.0
107.5
105.5
106.0
102.0
104.0
99.5
105.0

225.0
225.0
226.0
169.5
189.0
163.0
177.5
236.0
231.0

617
480
763
420
617
575
667
637
747

15.18
12.24
19.68
14.45
19.78
20.86
20.88
15.30
17.71

111.0
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Figure 7.16. Uniaxial compression test on bricks
The mean value of uniaxial compressive strength of bricks used for the construction of
Stanwell Park viaduct was found to be 17.3 MPa with a coefficient of variation of 17%.
This inherent variation associated with the manufacturing process is one of the root causes
to the scatter of results obtained in masonry testing. On the other hand much lesser
variability of properties can be expected from solid concrete bricks, as the selection of
constituent materials can be standardised.
7.4 Summary
This chapter is devoted for experimental evaluation of important material parameters
identified in the previous chapter. No work has been done, todate, on producing an
estimate of f t for use in arch assessment. From the masonry blocks salvaged from
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Stanwell Park viaduct, NSW, Australia, it was possible to estimate a tensile strength
value for masonry by two methods namely the beam test and bond wrench test. The
almost similar strength values obtained from both methods enhance the confidence in
recommending this value for use in the assessment process of masonry arch bridges
currently in service. However with this strength value as input, it was not possible to
obtain a closer estimate of the ultimate load for the two brickwork arches modelled in the
parametric study which will be discussed in Section 8.4.
The scattered results were obtained in the bond wrench test performed to determine the
tensile strength of masonry. Non-uniform joint thicknesses, different degrees of joint
deterioration observed in Stanwell Park masonry and the variation of properties inherent
to bricks may have led to these scattered results.
The compressive strength of masonry and the elastic constants E and ftfwere also
determined by testing masonry in uniaxial compression. Finally the uniaxial compression
test was performed on a series of bricks to illustrate the variation in brick strength which
leads to scattered results of masonry tests.
Beam test method of determining the tensile strength of masonry does not consider the
influence of all mortar joints in a specimen which would contribute toward the tensile
strength of masonry being tested. It assumes that the failure is associated with only one
mortar joint through which cracking initiates. On the other hand the bond wrench test
takes into account the influence of all mortar joints. In this method only one mortar joint
is tested at a time and the effect of each mortar joint on the tensile strength of masonry is
considered independently. Therefore the bond wrench method can be consideredas a
reliable method of evaluating f’t. Due to the simple nature of the test it can easier to be
performed. Hence the repeatability and reproducibility of this method is greater compared
with the beam test. Another advantage of bond wrench test is that it can be performed insitu. In conclusion the bond wrench test can be recommended to determine the tensile
strength of masonry.
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CHAPTER 8
SERVICEABILITY AND STRENGTH ASSESSMENT OF
MASONRY ARCHES - PARAMETRIC STUDY AND
GENERAL RECOMMENDATIONS
8.1 Introduction
The serviceability and strength assessment of masonry arch bridges currently in service is
a problem commonly encountered by the transport authorities in most countries. Arch
design is not very well documented as the true response of a masonry arch under applied
loads has not been fully understood. Elastic methods described in Chapter 2 are
consrevative and underestimate the strength of masonry arch bridges. Even with these
obvious detrimental effects, countries like UK still resort to elastic solutions (eg. MEXE
method) as the primary tool for arch assessment. These simplified methods are being
used because of the complex nature of the arch behaviour due to the large number of
variables involved. Arch bridges which are nearing their design lives should be
reassessed with more confidence and appropriate remedial measures taken. This would
save the total cost of reconstruction which is exorbitant.
To realistically predict the arch behaviour, the factors which are predominant in their
effects on the response of such a structural system should be distinguished and true
estimates of magnitude of these factors should be obtained . Parameters to which the
material model is sensitive should be determined using representative experiments as far
as possible.
Tensile cracking is a dominant nonlinear effect in masonry arch bridges. Indeed, one
would say ’the' dominant nonlinear effect. For smeared cracking the important concept
of tensile strain sofening is used to describe the effect of crack formation on the average,
i.e. homogenised stress strain response of masonry. The rate of crack propagation
depends on the manner in which the stresses are allowed to redistribute. Chapter 5
describes various models that can be used for this purpose.
The potential of the finite element model used in this investigation as a research tool and
an efficient assessment method for the engineer is demonstrated in this chapter by using it
in the assessment process of masonry arch bridges. A comprehensive parametric study is
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undertaken on 5 prototype bridges to calibrate the most critical factors identified in the
sensitivity analysis described in Chapter 6. This study is also extended to model some
small scale arches selected from Hendry et al. 's (1991) test reries described in Section
2.5.5. From the results of this study, general recommendations incorporating the
influences of the above variables are formulated and presented as practical guide lines for
the engineer to use in the assessment of existing arches or the design of new arches.
8.2 Details of Prototype Bridges
The parametric study carried out in Section 8.4 is based on full scale loadings of five
protype bridges. These bridges were tested to collapse under the Britiah TRRL’ research
programme of arch tests. Figure 8.1 shows pictorial views of these bridges as compiled
by Crisfield et al. (1987).

(a) Bargower
Figure 8.1. The five full scale bridges analysed in the parametric study

126

(b) Bridgemill

(c) Preston

(d) Prestwood
Figure 8.1-cond
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(e) Torksey
Figure 8.1-contd.
The material and geometrical properties of 5 bridges concerned in the analysis are shown
Table 8.1 and 8.2 respectively (after Cristfield et al. ,1987; Hughes et al., 1990 (b);
Yang, 1991).
Table 8.1. Material properties of prototype arches
Bridge

Bargower

Bridgemill

Preston

Prestwood

Torksey

Eo (MPa)

14, 100

15,000

-

2, 200

-

0.16

0.16

0.16

0.16

0.16

20

19

20

20

18

24

21

22

20

21

33.0

44.0

30.0

7.0

20.0

y fin
(kN/m^)
Y arch
(kN/m3)
f C (MPa)
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Table 8.2. Principal dimensions of arches
Bridge

Bargower

Bridgemill

Preston

Preswood

Torksey

Type

stone

stone

stone

brick

brick

Span (m)

10.36

18.29

5.18

6.55

4.90

5.18

2.84

1.636

1.428

1.154

558

771

360

220

343

1200

203

380

165

241

8.68

8.3

5.7

3.8

7.16

semi
circular
1/3

segmental

semi
elliptical
1/3

distorted

segmental

1/4

1/4

Rise at
crown (m)
Ring
thickness
(mm)
Fill depth
at crown
(mm)
Width (m)
Approx.
shape
Load
position *

1/4

* As approximate ratio of internal span
8.3 Test Procedures
8.3.1 General Remarks
The test procedures of 2 of the 5 prototype bridges included in the parametric study are
presented in this section. Full scale testing of Bargower bridge which is also included in
the parametric study has been presented earlier (see Section 6.2). A serviceability study
of Prestwood bridge will be carried out from the data gathered from this section (see
Section 8.6).
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8.3.2 The load test of Preston bridge, Shropshire, UK
The Preston bridge was tested to destruction in 1986 as part of British T.R.R.L.'s
research programme to re-examine the then current method of assessing the traffic load
carrying of masonry arch bridges (described in Section 2.3.4 (c) as MEXE method). The
was in reasonably good condition . It was offered for testing because it represented a
maintenance liability after it was consigned to a less important bridge category. Two
tests preceded Preston bridge; at Bridgemill (Hendry et al., 1985) and Bargower (Hendry
et al., 1986). The bridge (seen in Figure 8.1 (c)) on an unclassified road linking the
villages of Kynnersley and Preston-upon-the-Wealdmoors was over a branch of the
Shropshire Union canal, U.K. The bridge was built around 1834 (Page J., 1987). As
can be seen in Figures 8.1 (c) and 8.2, it had an arch of sandstone and the spandrel walls
and parapets were mainly of brick with a stone string course and coping.

Figure 8.2. West elevation of Preston bridge
Figures 8.3 and 8.4 detail the plan view and an elevation of the Preston bridge.
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Figure 8.4. Plan of Preston bridge

Figure 8.3. Load test preparation of Preston bridge, Shropshire
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The load was applied to the road surfacing over 750 mm wide x the full width of the
bridge between parapets centred on the northern 1/3 span point of the arch as shown in
Figure 8.3. The six 300 tonne capacity hydraulic jacks by which the load was applied
together with the distribution frame are shown in Figure 8.5.

Figure 8.5 : Preston bridge - Loading arrangement
More details of the testing procedure can be found elsewhere (Page J ., 1987). The east
face of the bridge after collapse is shown in Figure 8.6.

132

General Recommendations

Figure 8.6 : Preston bridge - East face after collapse
8.3.3 The Load Test of Prestwood Bridge, Staffordshire, UK
Prestwood bridge at Staffordshire was the fourth collapse test under the British T.R.R.L.
programme of research. Prestwood bridge was also a canal bridge an Preston bridge with
a similar span and rises. The bridge was spanning across Staffordshire and
Worcesteershire canal near Stourbridge, U.K. In most other respects, Prestwood bridge
was dissimilar to Preston bridge. The arch rib of Prestwood bridge was segmental. Built
in 1770 (Page J ., 1987) the bridge was in poor condition with parapets removed and the
shape distorted (Figure 8.8). It had a one ring brick arch with all the bricks laid as
headers. There was a course of sand stone above the arch whose function would have
been mainly aesthetics and this carried the brick spandrel walls.
The load was applied through two 23 tonne capacity hydraulic jacks at road surface level
to a 300 mm wide steel I - beam spanning the full width of the bridge (including spandrel
walls) at the quarter span (shown in Figure 8.8).
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Figure 8.8. Prestwood bridge - Load test preparation

Figure 8.9. Preswood bridge - the loading system
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Further details of the test can be found elsewhere (Page J ., 1987).
8.4 Parametric Study of Prototype Bridges
The extensive sensitivity analysis carried out in Chapter 6 indiacted that the tensile
strength of masonry, f t and the tensile strain softening parameter, N are the dominent
factors with regard to cracking and failure behaviour of masonry arch bridges. Both f t
and N define the constitutive relationship of masonry as a material in tension. Similar
findings have also been made recently by Loo and Yang (1991 (b)).
In presenting results for comparison with full scale tests, the method adopted in this study
requires an accurate estimate of these two parameters. The compressive strength of
masonry of aged bridge structures may be estimated in-situ with the use of some non
destructive testing technique or blocks of masonry extracted from these bridges.
Nontheless no similar methods are available for evaluating the tensile strength on site.
As described in Chapter 7 there has been no work done to date, on producing a tensile
strength value of masonry for use in arch bridge analysis. In the post-cracking stage the
rate of tension softening as governed by the parameter N is not known for a given bridge.
The evaluation of N is associated with practical limitations. The decending branch of the
tension softening representation (Figure 5.6 (c)) is extremely difficult to be monitored
due to the nature of the range of testing machines available. It is therefore necessary to
bound the analysis by performing a parametric study with a range of values for f t and N.
Also a calibration of N is undertaken against full scale loading of these prototype arches.
This led to the formation of some practical suggestions for the satisfactory application of
the method adopted to assess masonry arches.
The tensile strength value determined in the experimental investigation (Chapter 7) can be
shown to lead to a conservative estimate of the strength of such masonry arches currently
in service. This is justified in the following parametric study carried out on prototype
arches which were previously tested to destruction in Britain.
To be able to accurately predict the behaviour of such bridge systems using the method
adopted in this study the assessing engineer should be provided with some practical guide
lines as to what values of ft and N should be used in the analysis. The values suggested
in this Chapter should be used only as an approximate guide which has to be supported
by the engineering judgement.
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Using various values of f t and N, five bridge structures are analysed with the help of the
analytical model adopted in this study. The results of this parametric study are given in
Table 8.3. All these bridges are tested using a knife-edge load uniformly distributed over
the entire width. For all bridges, a value of 0.16 is used for the poissons ratio, yT

Table 8.3. Strength assessment of masonry arch bridges - Parametric study
Bridge

No. of fill
elements

No. of rib
elements

Aspect
ratio

ft
(MPa)

N

Bargower

1 x40

3x80

0.87

2.0
2.0
2.0
2.0
2.0
1.8
1.8
1.8
1.6
1.6
1.6
1.6

16
8
6
4
5
12
10
8
12
10
14
16

Load
calculated Pc
(kN/m)
748
699
668
616
647
685
672
651
634
623
647
654

Test load
Pt (kN/m)

Pc/Pt

647
647
647
647
647
647
647
647
647
647
647
647

1.16
1.08
1.03
0.95
1.00
1.06
1.04
1.01
0.98
0.96
0.99
1.01

Table 8.3-contd.

No. of rib
elements

Aspect
ratio

ft
(MPa)

N

Prestwood

1 x40

3x80

0.78

1.6
1.6
1.6
0.7
0.7
0.7
0.6
0.6
0.5
0.5
0.5
0.3
0.3
0.3

12
6
2
10
6
4
4
2
6
4
3
8
5
3

Load
calculated Pc
(kN/m)
143
121
114
96
83
78
73
70
70
68
68
63
60
60

Test load
Pt (kN/m)

Pc/Pt

60
60
60
60
60
60
60
60
60
60
60
60
60
60

2.38
2.02
1.90
1.60
1.38
1.30
1.22
1.16
1.16
1.13
1.13
1.05
1.00
1.00
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Bridge

No. of fill
elements

Table 8.3-contd.

No. of rib
elements

Aspect
ratio

ft
(MPa)

N

Torksey

1 x 60

3 x 60

1.18

0.5
0.5
0.5
0.4
0.4
0.4
0.3
0.3
0.3
0.3

6
4
2
5
3
2
8
5
4
2

Load
calculated Pc
(kN/m)
197
161
139
170
170
133
154
147
141
111

Test load
Pt (kN/m)

Pc/Pt

140
140
140
140
140
140
140
140
140
140

1.41
1.15
0.91
1.21
1.21
0.95
1.10
1.05
1.01
0.79

U)
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Bridge

No. of fill
elements

Table 8.3-contd.

No. of rib
elements

Aspect
ratio

ft
(MPa)

N

Bridgemill

1x50

3x 100

1.21

1.6
1.6
1.6
1.2
1.2
1.2
0.8
0.8
0.8
0.4
0.4

12
8
4
10
6
4
6
4
2
4
2

Load
calculated Pc
(kN/m)
852
813
764
734
697
682
610
599
462
520
405

• Test load
Pt (kN/m)

Pc/Pt

360
360
360
360
360
360
360
360
360
360
360

2.37
2.26
2.21
2.04
1.94
1.89
1.69
1.66
1.28
1.44
1.13
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Bridge

No. of fill
elements

Table 8.3-contd.

No. of rib
elements

Aspect
ratio

ft
(MPa)

N

Preston

1 x 60

3x60

0.97

1.6
1.6
1.6
1.6
1.4
1.4
1.4
1.4
1.2
1.2
1.2

12
10
6
8
16
14
12
10
28
20
14

Load
calculated Pc
(kN/m)
397
383
347
369
401
388
372
351
387
370
340

Test load
Pt (kN/m)

Pc/Pt

370
370
370
370
370
370
370
370
370
370
370

1.07
1.04
0.94
0.99
1.08
1.05
1.01
0.95
1.04
1.00
0.92
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Bridge

No. of fill
elements
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Bargower, Preston and Bridgemill bridges in this study are stone arches. Convergence
studies earned out on Bargower bridge has shown that the predicted collapse load
matches well with the experimental failure load when when lies in the range of 1.6
MPa to 1.8 MPa with N taking a value in the range of 8 to 14. f t in the range of 1.4 MPa
to 1.6 MPa with an N value between 8 to 12 has given a closer estimate of the
experimental collapse load of Preston bridge. However the predicted failure loads of
Bridgemill bridge are much higher than the experimental value. The reason for this is that
the pre-mature failure of Bridgemill bridge at full scale occured in the form of snapthrough buckling (Hendry et al., 1985). Similarly the two brickwork arches included in
this parametric study, Preston and Torksey have also resulted in higher predicted loads.
This is becasue Preston bridge was in poor condition when tested with its original
segmental shape distorted (Page J., 1987) while Torksey bridge had major longitudinal
cracks from both abutments (Hughes, 1990 (c)).
8.5 Evaluation of Strain Softening Parameter N
The analytical method adopted in this study assumes a simple linear tension softening
representation (Figure 5.6(c)). The decending branch of the curve defined by the
parameter N is determined by comparing the full scale collapse load with results of the
finite element method using various vales for N in the model. This procedure is
demonstrated in the followings for Preston bridge already discussed. The vertical
displacement under line load was monitored during the full scale loading of Preston
bridge (Page J ., 1987). The test is simulated using the nonlinear finite element model
adopted with values of the strain soften parameter, N varying from 6 to 10. The
equivalent load-deflection curves and the comparison with the test load is shown in Figure
8.9.
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Figure 8.9. Preston bridge - calibration of N
It is observed that for the original brittle collapse model, the crack propagation at a load
level which is approximately constant. When stress redistribution is allowed with the
tensile strain softening process, the propagation of cracks takes place gradually. The
ultimate behaviour of Preston bridge is best estimated at N = 8. The importance of the
rate of stress release in a cracked zone is thus demonstrated. This value of N can
therefore be recommended for use in the assessment of arches made of similar masonry
and similar physical conditions.
8.6 Serviceability Analysis of Prestwood Bridge
8.6.1 Defections and crack patterns
Figure 8.9 shows the hinges formed immediately before collapse of Prestwood bridge.
The predicted crack patterns and the deflected shape at failure is shown in figures 8.10
and 8.11 respectively for comparison.
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Figure 8.9. Prestwood bridge immediately before failure

Legend: Green line - Tension, Green dot - Tensile crack, Red line - Compression, Red
dot - Crushing Tissue
Figure 8.10. Prestwood bridge - predicted failure behaviour
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Figure 8.11. Prestwood bridge - deflected shape at failure

Both experimental and predicted failure patterns show that the crack zone under the load has
a greater propagation compared with other tension zones. The first set of cracks appears
under the load. Once these cracks have propagated, other tension zones appear almost
simultaneously at locations opposite to the points where the line of thrust touches the
intrados or extrados. The predicted deflected shape of the arch (Figure 8.11) is exaggerated
for clarity.
8.6.2 Load - deflection response
Vertical displacements monitored during the test is tabulated in Table 8.4 and the
corresponding load-deflection curves are shown in Figure 8.12. Target points 4, 6 and 8
were used to measure the deflection of the arch under load line. Points 4 and 8 were on the
two faces of the arch and Point 6 was at the centre of the soffit. Comparison of these
deflections with the analytical results is also shown on the same plots.
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Table 8.4. Prestwood bridge - deflections under load
Increment
Dead load
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

Load at start (kN)
8
13
17
22
25
31
36
40
45
49
54
63
72
81
90
100
109
118
136
155
173
191
210
228

Vertical displacement (mm)
4
0
0
0
-1

6
0
0
0
0
0

-1

-1

-1

-1

0

0
0
0

-1

-1

0
0
1
0
-1
1

2
2
3
5
7
10
15
21
33

8
0
0
0
-1

1

-1

-2
-1
-1
-1

-1

-1

-1

-1

-1

-1

0
0
0
1
1
1

4
6
9
15
27

0
0
1

2
3
4
6
9
14
21
38

Positive deflections are downwards
It is seen from Table 8.4 that the deflections of target points 4 and 8 are quite similar.
Target point 6 has deflected to a lesser extent than target points 4 and 8. Because of this
reason the experimental load-deflection curves are not averaged in presenting to
comparison with predicted results.
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Deflection (mm)

(a). Target 4 (see Table 8.4)
Figure 8.12. Load - deflection curves of Prestwood bridge
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Deflection (mm)

(b) Target 6 (see Table 8.4)
Figure 8.12-contd
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Deflection (mm)

(c) Target 8 (see Table 8.4)
Figure 8.12-contd
Of all comparisons made in Figure 8.12, target point 6 gives the best correlation of loaddeflection response of Prestwood bridge with the predicted behaviour. Finite element
solution has produced a stiffer load-deflection curve. Although the analysis assumes a
nonlinear material behaviour of masonry (Figure 5.1), the maximum compressive stress
anywhere in the arib of Prestwood bridge is 1.59 MPa which is well within the elastic
range. Hence the material nonlinearity is insignificant with regard to arch behaviour. The
following factors may be given consideration in achieving better correlated curves:
laboratory estimates of elastic modulus of masonry using prism tests may not strictly
applicable for use in arch assessment. The stress redistribution scheme of masonry
adopted (Yang, 1991) has to be reviewed by placing special emphasis in ralation to arch
analysis.
The load-deflection curves for target point 4 and 8 show a greater deviation with the
predicted curves (Figure 8.12). This is because the bridge was in poor condition when
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tested with two spandrel walls removed from the arch rib (Page J., 1987). Therefore the
target points 4 and 6 which were on the two faces of the arch rib may have undergone
greater deflections than the deflections at target point 6 which was at the centre of the
soffit (see Table 8.4).
8. 7 Model Arches of Hendry et al.
Hendry et al. (1991) tested a series of 24 model arch bridges to examine the effect on the
strength of the arch rib of the components of a complete bridge. Within the scope of the
finite element method adopted in this investigation, two main types of Hendry et al. 's
arches are chosen to model the behaviour of these small scale arches. They are the
models with spandrel fill and with and without provision for load dispersion through the
fill material.
The models used in this investigation were built from masonry materials and sand or
gravel fill. The dimensions of the bridge models were based on those of two full scale
bridges, which were tested to failure as reported by Hendry et al. (1985,1986) and
investigated in Section 8.4. These were the Bridgemill and Bargower bridges. The
corresponding model arches are denoted in this study by BM and BG respectively.
Table 8.5. summarises the testing conditions of the models.
Table 8.5. Testing conditions of Hendry et al. 's model arches
Model

Condition

BM5

with load dispersion

BM7

arch rib only

BG 5

with load dispersion
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Table 8.6. Material properties of arch ribs (After Hendry et al. (1991))
Model No.

Brick material

Brick
strength
(MPa)

Mortar
compressive
strength
(MPa)

Yfill
(kN/m3)

Load
position

BM 5,7

clay

19.5

1.47

14

1/4 span

BG 5

concrete

30.0

1.47

14

1/3 span

As explained in Section 8.2.1, only the effects of ft and N are considered. Figures 8.14
(a) and (b) and the Table 8.7 give the dimensions of the model arches.
Table 8.7. Leading dimensions of model arches (After Hendry et al. (1991))
Model
series

Span
L
(mm)

Rise f
(mm)

Width
B
(mm)

Spandrel
thickness
t
(mm)

Depth
of fill
at
crown
(mm)

Rib
thickness
(mm)

Span
Rise

BM

1000

158

466

38

12

38

6.4

BG

2084

1042

1690

215

240

103

2.0
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In the test on the arch rib only (BM 7), the dead load of the fill material was applied, but
without load dispersion. Figure 8.13 shows the arrangement used to simulate the dead
load of the fill on model 3M 7.

Figure 8.13. Simulation of dead load of the fill on model BM 7
The material properties established in relation to these model arches are tabulated in Table
8.6. Because of the unavailability of all parameters, again a n nge of properties is
assumed in the analysis to match the predicted behaviour and the observed behaviour.
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(a) BM series

(b) BG series
Figure 8.14. Principal dimensions of Hendry et al. 's model arches

153

General Recommendations

The object of basing the models on actual bridges was to ensure geometrical similarities
between models and actual arches. On the account of physical differences in the materials
used, direct comparisons are bound to have limitations. Nevertheless comparisons with
the finite element model are possible, considering these model arches as structures of their
own right.
As guided by the sensitivity analysis (Chapter 6), finite element mesh generation is carried
out in accordance with Table 8.8 to obtain solution convergence with required accuracy.
Table 8.8. Finite element mesh generation of Hendry et al. 's model arches
Model

No. of continuum
fill elements

No. of arch rib
elements

Aspect ratio of rib
elements

layers sections
BM 5, 7

40

3

80

0.91

BG 5

40

3

80

0.80

The results of the parametric study carried out of these model arches are given in Table
8.9.
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Table 8.9. Parametric study of Hendry et al. 's model arches
Model

f t (MPa)

N

Pull (kN)

^experimental

BM 5

1.6
1.6
0.7
0.7
0.4
0.4
0.4
0.4
0.4

10

6
6
4
8
7
6
5
2

12.3
8.6
5.1
5.1
5.1
5.1
2.7
2.7
2.4

2.3
2.3
2.3
2.3
2.3
2.3
2.3
2.3
2.3

Model

f t (MPa)

N

Pull (kN)

Pexperimental

BM7

1.6
1.6
0.6
0.6
0.4
0.4
0.4
0.4

10
6
7
4
8
7
4
2

. 9.7
7.9
5.1
5.1
2.7
2.7
’ 2.3
2.3

(kN)

(kN)
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
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Model

f t (MPa)

N

Pult (kN)

^experimental
(kN)

BG 5

1.6
1.6
0.6
0.6
0.4
0.4
0.4
0.3
0.3
0.3

10
4
10
4
5
3
2
5
3
2

149.0
108.7
81.6
60.3
58.9
53.0
48.0
45.4
42.3
42.3

41.5
41.5
41.5
41.5
41.5
41.5
41.5
41.5
41.5
41.5

Table 8.6 gives materials used in the construction of these models: one-third scale clay
bricks were used for both arch rib and the spandrels of BM series. CA models used
102.5 mm concrete bricks laid on edge for the rib and one - third scale clay bricks to give
38 mm thick spandrels. The BG models were also built from 102.5 mm concrete bricks.
The tensile strength values of masonry found in the experimental investigation of this
thesis (Chapter 7) do not necessarily represent that of small scale masonry assemblages
used in constructing these model structures. This is due to scale effect of small scale
masonry. The value found cannot be scaled to obtain a strength value for small scale
masonry. Therefore in drawing conclusions as to the magnitude of f t to be used in arch
assessment (see Section 8.8.2), results obtained for these model arches are not
considered. It can be seen from the results of the parametric study (Table 8.9) that a
much lower values of f t between 0.3 MPa and 0.4 MPa have given rise to compatible
results with the experimental failure loads of these model structures. Corresponding N
value for each match is also low, N=2 has resulted comparable results with the
experimental values for both BM and BG type of models. This is because the ductile
behaviour of small scale masonry is limited due to the reduced thickness of mortar joints.
As mentioned earlier, these model structures have geometrical similarities between full
scale arches. Therefore, in the case of model BM 5, the following comparison is possible
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between the behaviour of the relevant prototype bridge; Bridgemill bridge. A scale factor
as between model and prototype relating ultimate loads is postulated using the formula
suggested by Heyman (1981):
Pp/Pm - (Yp/Ym)(Lr)2

•—(8-1)

where1^ denotes density, Lj- denotes linear scale ratio and subscripts p and m denote
prototype and model respectively. Substitution of relevant values gives a load scale ratio
of approximately 960. The application to this factor to the strength of model BM 5 (2.7
kN) results in an estimated prototype strength of 2592 kN. This compares with the full
scale modelling value of 3337 kN.
8.8 General Recommendations
One of the main aims of this investigation is to produce realistic design recommendations
for the analysis of masonry arches. For realistic analysis of the behaviour of masonry
arch bridges using an efficient analytical method, accurate estimates of so called critical
parameters identified in Section 6.3 are required. The methods described in Section 2.3
and 2.4. are at most approximate. They do not reasonably idealise true behaviour of
masonry arches. Because of complex nature of arch behaviour, simplified assumptions
detailed in Sections 2.3 and 2.4 are incorporated in these methods. Most of these
methods are flawed in that they neglect the tensile strength of masonry which was shown
to tremendously influence the structural behaviour of masonry arches (Section 6.3.2).
Based on the results of both experimental investigation described in Chapter 7 and the
parametric study undertaken in Section 8.2 practical guide lines for arch assessment
incorporating the influence of the important parameters are presented. It is hoped that
these recommendations would help the engineer with the analysis of these bridge
systems. To place the investigation in context, failure loads are presented of prototype
arches calculated using current empirical methods (eg. MEXE method, ARRB method)
and compared with the results implied by the finite element method with proposed
recommendations.
8.8.1 Previous Recommendations
The recommendations given under said approximate methods vary considerably reflecting
the nature of the provisions of individual method. A complete account of these
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recommendations is presented in Chapter 2 (Sections 2.3 and 2.4).
(a) MEXE method

-

The MEXE (Department of Transport, 1984 a, b) method of assessment on 2 bridges
Preston and Prestwood is presented herein as specimen calculation. The MEXE method
provides an estimate of maximum serviceability axle load. The method recommends that
it should not be used to assess the strength of appreciably deformed arches, as is the case
with Prestwood bridge. The method is applied on Prestwood bridge on the assumption
of a segmental arch and then the result will be modified based on the ratio of the
mechanism collapse loads (Cristfield, 1985) for the actual and segmental arch. The
calculation are set out in Table 8.10.
Table 8.10. MEXE assessment of Preston and Prestwood bridges

Span (m)
Rise at mid span (m)
Rise at quarter point (m)
Thickness of arch rib (m)
depth of fill at mid span (m)
provisional axle load (tonnes)
Modification factors:
Span/rise
Shape
Material
Joint
Condition
Allowable axle load (tonnes)

Preston

Prestwood

5.18
1.636
1.37
0.36
0.38
47.8

6.55
1.428
1.117
0.22
0.165
9.53

1.0

0.92
0.92
0.7
0.73
0.5
2.78

0.77
1.09
0.81
0.8
30.4

Two single axles laying side by side are involved in the calculation of the allowable load
on Preston bridge. Therefore the maximum serviceability load for Preston bridge is 60.8
tonnes (596 kN). For the ultimate limit state a factored MEXE solutions are obtained by
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multiplying the maximum serviceability axle load by an assumed factor of safety of 3.
Therefore the values of ultimate loads of Preston an Prestwood bridges are 1788 and 59
kN respectively. The allowable axle load of Prestwood bridge may be adjusted as shown
below to accommodate the distorted arch shape.
Collapse load for actual arch _ q
Collapse load for segmental arch *
:. Adjusted allowable axle load = 2.78 x 0.71
= 2.0 tonnes
= 19.6 kN
Table 8.11 gives the results of the MEXE method on five protype bridges included in the
parametric study.
(b) ARRB method
The Australian Road Research Board has produced specifiactions for use in bridge design
in general (N.A.A.S.R.A. , Bridge Design Specification, 1976). These give the live
load component of the design load pf a bridge in the form of a standard vehicle loading.
This method is applied on five bridges tested at full scale which were included in the
parametric study in this chapter. Specimen calculation for one of these bridges, Preston
arch is shown below:
Clause 11.4.1: Load capacity of existing bridges.
Clause 2.3.5: Number of standard design lanes = 8.68/3.1
=3
Clause 2.3.2.1: Width of the bridge = 5.7 m > 5 m
\ Standard vehicle loading category T44 applies.
Clause 2.3.2.3: Standard vehicle loading = 432 x 3
= 1296 kN
Assuming a globle factor of safety of 2 against collapse,
The capacity of Preston bridge = 2592 kN.
Table 8.11 compares failure loads from MEXE assessment, ARRB method and
Cristfield’s (1987) mechanism method with both experimental results and results
predicted by the finite element method adopted in this investigation.
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Present method gives closer estimates of ultimate load for Bargower, Preston, Torksey
and Prestwood bridges. Bridgemill bridge was in sound condition when tested.
Bridgemill bridge had a shallow arch with span to rise ratio of 6.4 and a fill depth of
203mm at crown. Under these conditions Bridgemill arch collapsed at a much lower load
than the predicted load. The arch collapsed by snap-through buckling (Hendry et al.,
1985; Harvey, 1988) reducing the collapse load below that predicted by a failure
mechanism. This is a problem common to shallow arches.
In contrast to the other methods the mechanism method can be used to to estimate the
strength of distorted arches (Crisfield, 1985 (a)). The MEXE method relies heavily on
correction factors to account for the visual condition of the bridge. It has given the most
conservative estimates of ultimate load from all the methods included in Table 8.11.
Therefore comparison of the ultimate loads estimated from various methods with the
experimental results shows that the present mathod provides both closer and safer
estimates of ultimate load of masonry arch bridges without underestimating the arch
strength.
Table 8.11. Comparison collapse loads in kN
Bargower

Bridgemill

Preston

Prestwood

Torksey

Experimental

5600

3100

2100

228

1060

Factored MEXE
(3)
ARRB method
Cristfield’s
mechanism
method
(1985(a))
Present FE
method

3854

1089

1788*

59

877

2592

2592

2592

864

1728

5751

2545

1761

177

1415

5590

6092

2103

543

1053

* Adjusted MEXE value for the distorted arch
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8.8.2 Proposed guidelines
As expected the parametric study reveals that both higher tensile strength of masonry, f t
and higher value of strain softening parameter, N result in higher ultimate strength of an
arch. For Bargower bridge which was a stone arch, a reasonable correlation with the
experimental failure load is obtained with an Ft value of 1.6 to 2.0 MPa and N taking a
value between 6 and 14 (Section 8.4). For another stone arch Preston bridge, Ft taking a
value between 1.2 MPa and 1.6 MPa with N ranging from 8 to 20 gives a closer estimate.
Predicted results of Bridgemill bridge which failed due to bucking instability are not
considered in arriving at general conclusions, although they are stone arches. Hence for a
stone masonry arch of reasonably good condition Ft in the range of 1.2 to 2.0 MPa with
an N value between 6 to 20 gives a conservative estimate of the ultimate load.
Tensile strength of brick masonry was determined in the experimental investigation
(Section 7.2). Specimens were obtained for this investigation from masonry blocks
secured from an aged masonry bridge structure, the Stanwell Park viaduct, NSW,
Australia. Beam test suggested a value of 1.6 MPa for the tensile strength of brick
masonry while bond wrench test gave an estimate of 1.70 MPa. With f’t=1.6 MPa as
input convergence studies were carried out on two brickwork arches, Prestwood and
Torksey. It was not possible to obtained close estimates with experimental ultimate loads
as Prestwood bridge was in poor condition with its distorted shape (Page J., 1987) and
Torksey bridge had major long cracks from both edges (Hughes, 1990 (c)). However a
tensile strength value betwwen 1.6 and 1.7 MPa obtained from the samples of
approximately 100 year old Stanwell Park viaduct with an N value of 2 can be
recommended to produce a conservative estimate of ultimate load of a brickwork arch of
similar condition.
8.9 Summary
Sensitivity analysis carried out in Chapter 6 indicates that the tensile strength (F0 and the
strain softening parameter (N) are predominant in their effects on arch behaviour. Tensile
strength of brick masonry has been evaluated in Chapter 7. Unfortunately the value of N
is difficult to be determined experimentally. Hence the value of Ft and N are calibrated by
undertaking a parametric study on five prototype bridges tested to failure in the United
Kingdom. A range of values for Ft and N are assumed. The experimentally determined
Ft value does not give a closer estimate of the ultimate load of the two brickwork arches
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modelled in the parametric study. These bridges were in poor condition whed tested to
destruction. Based on the results of the parametric study a tensile strength of 1.2 to 2.0
MPa with an N value ranging from 6 to 20 can be recommended to produce a closer
estimate of the ultimate load of a stone arch bridge. The experimentally determined tensile
strength of 1.6 to 1.7 MPa for brick masonry with an N value of 2 can be recommended
to give a safer estimate of the ultimate load of a similar brickwork arch.
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CHAPTER 9
SUMMARY AND CONCLUSIONS
This thesis research mainly concerns with providing some insight into the nonlinear
behaviour of masonry arch bridges. Masonry arches have been used for thousands of years
in bridge engineering. Traditionally the analysis of such bridge systems were carried out
using mechanism approaches or assuming the elastic material behaviour of the arch rib. The
ultimate behaviour of arches is very complicated mainly due to the geometric shape and the
nonlinear brittle material characteristics of masonry. Earlier methods cannot predict the true
behaviour of masonry arch bridges because of the simplified assumptions adopted. Factors
influencing the arch behaviour are numerous. Not all these factors have an equal bearing on
the arch behaviour. Therefore it is very important to understand the factors which are
predominant in their effects on the cracking and failure behaviour of such arches. This study
is an attempt to improve such understanding and to investigate the general arch behaviour. A
nonlinear finite element based computational procedure is used in the analytical work earned
out in this thesis. It models both nonlinear material behaviour of masonry and the
nonlinearities due to progressive local failure.
Literature on strength and related properties of masonry is first reviewed. The experimental
work carried out on masonry arches to check various analytical procedures is then reviewed.
The tensile strength of masonry is found to be the most significant factor governing the
behaviour of masonry structures. Causes for the low tensile strength of masonry and the
influence of tensile strength on masonry behaviour are discussed. The tension related failure
mechanisms of arch bridges and masonry walls are explained. Two direct methods namely
the beam test and the bond wrench method are used to evaluate the tensile strength of
masonry. The almost similar strength values obtained from both methods enhance the
confidence in the estimates. The bond wrench test is found to be reliable and suitable. It
considers the influences of individual mortar joints on the tensile strength of masonry being
tested. Due to its simplicity the bond wrench method has a greater repeatability of test
results. Another advantage of this method is that it can be carried out on site. Hence bond
wrench method is recommended for the experimental determination of the tensile strength of
masonry.
The sensitivity of arch behaviour to various parameters are investigated. Two major groups
of variables are included. The first is the material properties of masonry and the influences
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of the fill material. In early analyses by previous workers the fill material was assumed to
possess no strength and the beneficial effects of the fill on arch strength were neglected. The
second group consists of factors which influence the solution technique which in turn affects
the predicted arch behaviour. The geometrical and material properties of Bargower bridge
are used in the sensitivity analysis. Of all parameters considered the tensile strength of
masonry and the tensile strain softening parameter are found to be the most influential on the
general behaviour of masonry arch bridges. The spandrel fill has been found to serve two
purposes. It improves the load carrying capacity of masonry arches by dispersing the
applied loads through it while its self weight provides an added stability to the arch rib.
The finite element model used in this study considers masonry as a continuum with average
properties. Therefore the emphasis in the experimental evaluation of material properties is
on masonry as a material. The tensile strength of brick masonry has been evaluated on
masonry blocks salvaged from the Stanwell Park Viaduct, NSW, Australia.
The decending branch of stress-strain curve of masonry in tension as governed by the
parameter N could not be easily determined experimentally. However the values of N are
calibrated in the parametric study on prototype arches. The load test results published on
five prototype arches under the British Transport and Road Research Laboratory’s
programme of research are used in the parametric study. In each case a range of values for
the tensile strength of masonry and for the strain softening parameter are tested to obtain a
comparable ultimate load with the experimental value.
Based on the results of the parametric study on two stone arch bridges, Bargower and
Preston, it can be concluded that a tensile strength value between 1.2 to 2.0 MPa with an N
value ranging from 6 to 20 would give a close estimate of the ultimate load of a stone arch
bridge. On the other hand the comparisons made on two brickwork arches, Prestwood and
Torksey do not give comparable estimates with the experimental results. It is believed that
these bridges were in poor condition when tested to collapse. However a tensile strength
between 1.6 to 1.7 MPa determined on Stanwell Park masonry together with an N value
around 2 can be recommended for use in the analysis of similar brickwork arches to obtain a
conservative estimate of the ultimate load.
The potential of the finite element method adopted in this investigation as a research tool and as
an efficient method for arch analysis is demonstrated. For an estimate of the failure load of a
masonry arch the above guidelines should be useful to the engineer in carrying out such
analyses.
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APPENDIX A
USER MANUAL FOR THE COMPUTER PROGRAMME
Introduction
This programme has been developed to study the general behaviour of masonry arch
bridges. Effects due to both geometrical and material nonlinearities can be reproduced by
this programme. The ultimate load can be determined using the incremental nature of the
programme in the solution technique. Crack propagation and structural deformations can
also be traced graphically.
This programme provides engineer with first hand information on complex arch
behaviour for use in the assessment process or design of a new arch.
Programme Execution
The programme was successfully run on Sun 3/80 computer which is operated on Sun Os
system. To execute the programme which is on a floppy disk, the 'up load file process'
is required.
Several data files are required in running the programme. The data file 'sing' is created
for mesh generation. Data file 'input. V is used to determine the fill pressure on arch rib.
"input.2' allows live loads from vehicular traffic to be dispersed through the fill.
Progressive failure analysis of arch rib is studied by the data file input.3. These will be
illustrated in the following example.
The programme is run by simply typing the mane of the compiled programme followed
by the relevant data file redirected to it

Output

Results for a given programme execution can be obtained either by storing on computer
memory ar by printing through hard devices. Failure codes can be obtained for failed
elements or parts thereof. Principal stresses and strains, ultimate loads, nodal
displacements and reactions at boundaries are the main interest of out put. Files 'princ'
and 'disp' are used to obtain graphical outputs of stress distributions and structural
deformations of an arch at any stage of the loading history.
Definitions of input variables

Variable
NPROB
NPOIN
NELEM
NVFIX
NTYPE
NCASE
NNODE
NDOFN
NMATS
NPROP
NGAUS
NALGO

NCR1T
NNICS
NDIME
NSTRE
NRELS

Definition
Total number of problems
Total number of nodal points
Total number of elements
Total number of restrained boundary points
Index for setting the type of analysis
Number of load cases
Number of nodes per element
Number of degrees of freedom per node
Number of different materials
Number of independent properties per material
Order of Gaussian integration
Index for setting the solution algorithm
NALGO = 1, initial stiffness or modified Newton Raphson method
NALGO = 2, Newton-Raphson method
Type of failure criterion used
NCRIT = 1, Tresca criterion
= 2, von-Mises criterion
Number of load increments
Number of coordinate dimensions
Number of stress components at each Gaussia n point
Index for setting strain softening parameter
NRELS = 0, brittle collapse mode
= 1, intermediate collapse mode
- 2 ductile mode

Output

Results for a given programme execution can be obtained either by storing on computer
memory ar by printing through hard devices. Failure codes can be obtained for failed
elements or parts thereof. Principal stresses and strains, ultimate loads, nodal
displacements and reactions at boundaries are the main interest of out put. Files 'princ'
and 'disp* are used to obtain graphical outputs of stress distributions and structural
deformations of an arch at any stage of the loading history.
Definitions of input variables

Variable
NPROB
NPOIN
NELEM
NVFIX
NTYPE
NCASE
NNODE
NDOFN
NMATS
NPROP
NGAUS
NALGO

Definition

Total number of problems
Total number of nodal points
Total number of elements
Total number of restrained boundary points
Index for setting the type of analysis
Number of load cases
Number of nodes per element
Number of degrees of freedom per node
Number of different materials
Number of independent properties per material
Order of Gaussian integration
Index for setting the solution algorithm
NALGO = 1, initial stiffness or modified Newton Raphson method
NALGO = 2, Newton-Raphson method
Type of failure criterion used
NCRIT
NCRIT = 1, Tresca criterion
= 2, von-Mises criterion
Number of load increments
NNICS
Number of coordinate dimensions
NDIME
Number of stress components at each Gaussia n point
NSTRE
Index for setting strain softening parameter
NRELS
NRELS = 0, brittle collapse mode
= 1, intermediate collapse mode
- 2. ductile mode
——■ —- - ____

Output

Results for a given programme execution can be obtained either by storing on computer
memory ar by printing through hard devices. Failure codes can be obtained for failed
elements or parts thereof. Principal stresses and strains, ultimate loads, nodal
displacements and reactions at boundaries are the main interest of out put. Files 'princ'
and 'disp' are used to obtain graphical outputs of stress distributions and structural
deformations of an arch at any stage of the loading history.
Definitions of input variables

Variable
NPROB
NPOIN
NELEM
NVFIX
NTYPE
NCASE
NNODE
NDOFN
NMATS
NPROP
NGAUS
NALGO

NCRIT
NNICS
NDIME
NSTRE
NRELS

Definition
Total number of problems
Total number of nodal points
Total number of elements
Total number of restrained boundary points
Index for setting the type of analysis
Number of load cases
Number of nodes per element
Number of degrees of freedom per node
Number of different materials
Number of independent properties per material
Order of Gaussian integration
Index for setting the solution algorithm
NALGO = 1, initial stiffness or modified Newton Raphson method
NALGO = 2, Newton-Raphson method
Type of failure criterion used
NCRIT = 1, Tresca criterion
= 2, von-Mises criterion
Number of load increments
Number of coordinate dimensions
Number of stress components at each Gaussia n point
Index for setting strain softening parameter
NRELS = 0, brittle collapse mode
= 1, intermediate collapse mode
= 2. ductile mode

<
—
Restrain node number
Condition of restraint on nodal displacement
w = 0, Nodal displacement unrestrained
= 1, Nodal displacement restrained
Condition of restraint on nodal rotation
t = 0, Nodal rotation unrestrained
= 1, Nodal rotation restrained
PRES C(IVFIX, 1) The prescribed value of nodal displacement^
PRESC(IVFIX,2) The prescribed value of nodal rotation, t
NIJMAT
Material number
1 - for masonry
2 - dummy (can be use for infill material if necessary)
PROPS (NUMAT, 1' Elastic modulus (MPa)
PROPS (NUMAT,2^ Poisson’s ratio
PROPS (NUMAT,3] A dummy (=1.1)
PROPS (NUMAT,4; Density of the material (N/m3)
PROPS (NUMAT,5^ Secant modulus (MPa)
PROPS (NUMAT,6; Ultimate strain of the material (10-3)
PROPS (NUMAT,7 ' Compressive strength (MPa)
PROPS (NUMAT,8; Tensile strength (MPa)
Applied concentrated load control parameter
IPLOD
0 - nodal loads are not applied
1 - nodal loads are applied
Fill load control parameter
IPPLD
0 - Fill load ignored
1 - fill load considered
Self weight control parameter
IGRAV
0 - Self weight ignored
1 - Self weight considered
Distributed load control parameter
IEDGE
0 - no distributed load applied
1 - distributed load applied
Node number on which the concentrated load acts
LODPT
(Highest numbered node must be included at the end, whether it is
loaded or not)
Load component in x - direction
P O IN T (l)
Load component in y - direction
---------------POINT(2)

N O FIX (rV FIX )
IFPRE

THETA
GRAVY
FACTO
TOLFR
FOLDS

Angle between gravity axis and y - axis (=0)
Gravity constant (=1, if SI units are used)
Load increment factor before first crack is formed
Tolerance criterion for convergence when force criteria is used
Tolerance criterion for convergence when displacement criteria
is used
RESMX
Maximum amount of residual force permitted
MITFR
Maximum number of iterations for determining if displacement
criteria is needed for convergence purpose
Maximum number of iterations permitted per increment
MITER
NOUTP(N CODE) Output code
0 - No output necessary
1 - Prints only displacements of nodes
2 - Prints displacement of nodes and reactions at boundary nodes
3 - Prints displacement of nodes, reactions at boundary nodes and
stresses at each Gaussian point
I
Illustrative Example
A numerical example is illustrated in detail to help the user to understand the use of the
programme.
Data
Geometrical properties of the bridge are as follows:
Span - 10.36 m
Rise at mid span - 5.18 m
Ring thickness - 558 mm
Fill depth at mid span - 1.2 m
Width of the arch-8.68 m
Shape of the arch - semi - circular
Load position -1/3 span
Material properties are listed below.
Elastic modulus of masonry -14 100 MPa
Poisson's ratio of masonry - 0.16

Density of fill material - 20 kN/m3
Density of arch rib - 24 kN/m3
Tensile strength of masonry - 1.6 MPa
Compressive strength of masonry - 33.0 MPa
Strain softening parameter - 14
Aggregate interlock factor - 0.001
Step 1
Simulation of spandrel fill pressure: as an example, the fill is devided into^O continuum
elements as shown in Figure A.l.

(a) Continuum fill elements

(b) Arch elem ents
Figure A .l. M esh genaration

Table A. 1 gives data preparation for input. 1.

Input Data
NPROB = 1____________________________________________
NPOIN = 82, NELEM = 40, NVFIX = 41, NTYPE = 1,________
NCASE = 1, NNODE = 4, NDOFN = 2, NMATS = 1,__________
NPROP = 8, NGAUS = 3, NALGO = 3, NCRIT = 2,__________
NINCS = 2, NDIME = 2, NSTRE = 3, NRELS = 1,
ALPHA = 0.2, REFAC = 1, XNNI = 16, NMESH = 1,_________
NPT = 42, NEL = 20, TTLOAD = 0.0, NRELS = 0,____________
NOFIX (1) = 1, IFPRE = 11, PRESC (1,1) = 1, PRESC (1,2) = 1,
NOFIX (1) = 3, IFPRE = 11, PRESO (1,1) = 1, PRESO (1,2) = 1,
NOFIX (1) = 5, IFPRE = 11, PRESC (1,1) = 1, PRESC (1,2) = 1,
NOFIX (1) = 81, IFPRE = 11, PRESC (1,1) = 1, PRESC (1,2) = 1,_________
NUMAT = 1, PROPS (1,1) = 14100, PROPS (1,2) = 0.16, PROPS (1,3) = 1-1,
PROPS (1,4) = 0.021, PROPS (1,5) = 5700.0, PROPS (1,6) = 300.0,________
PROPS (1,7) = -28.0, PROPS (1,8) = 2.0,______________________________
IPLOD = 0, IPPLD = 0, IGRAV = 1, IEDGE = 0,________________________
THETA = 0.0. GRAVY = 1.0,_________________ ______________________
FACTO = L TOLER = 0.5, TOLDS = 0.5, RES MX = 1.0,_________________
MITFR = 1, MITER = 1, _______________ _________________________ .
NQ1JTP (11 = 2. NOUTP (2) = 2________ _____________________________
The data file 'input. T is shown below.
Data file ’sing’ for the analysis of fill is:
180.0 5.18 5.78 1 40 1 00
Part of corresponding output, 'output. 1' is shown below.
From that it can be seen that the total fill load is 0.40 kN.

Input. 1
i
82 40 41
1 11 0.0
3 11 0.0
5 11 0.0
7 li 0.0
9 11 0.0

1 1 4 E‘ 1 8 3 3 £ £ 2 3 i 0.2 1 16.0 1 42 £0 0.0 0

0.0
0.0
0.0
0.0
0.0

li il 0.,0
13 li 0..0
15 il 0.>0
17 11 0..0
19 li 0..0
£1 il 0,.0
O
L_O il 0..0
¿5 lì 0 i.0
£7 11 0.,0
29 11 0..0
31 li 0.,0
33 11 0..0
35 11 0.,0
'-v'/n 11 0..0
C
39 ^ » 0..0
1 e..0
£■ 1
43 XX 0 j.0
45 11 0..0
47 11 0,e0
4? 11 0..0
51 11 0..0
ET il 0,.0
JO
re 11 0.,0
-.*7 il 0..0
e
wr“-. 11 0..0
61 li 0..0
63 li 0..0
65 il 0,.0
67 11 0..0
69 il 0,.0
71 lì 0..0
'"i•” il 0,=0
n ~ il 0 ;,0
77 il 0,E0
79 il 0.,0
SI il 0,E0
1~14100.0
4

0 0 10

0.0

0..0
tì,.0
0..0
0,.0
0,,0
0 iE0
0..0
0 i.0
0..0
e..0
0..0
0..0
0..0
0..0
0..v
0 .E0
0..0
0 i.0
0..0
0..0
0..0
0..0
0..0
0,E0
0,.0
0..0
0..0
0,E«
0..0
0..0
0..0
0..0
0,.0
0,.0
0,.0
0.=0
0.16 l.i 0.0210 *700.e 300.0 -28.0 2.0

1.0

1.0 0.5 0.5 1.0 1 1

Output.l

ii~ns i s a. p a r t o f

output

TOTAL EXTERNAL LOAD -------

0.401050X1000kN

TOTAL APPLIED

0 . 401058Xi800kN

LOAD -------

REACTIONS (ieCCKN)
NODE
.1
3
IT
*~z
Q

ii
-! -■

15
17
19
El
3—
-•
W
~.rr
~T
Cr7
31
-p■
Ocr
37
39
41
43
45
47
49
51
53
-j 5
57
59
61
63
¿5
p7
¿9
71
c
/ ._i
77
pp.
C -■

Y--REAC.
X-REAC.
0 .6 3 9 0 0 3 E -0 1 - 0 . 1 16468E+00
0 .9 1 7 7 5 8 E - 0 1
- 0 .4 9 6 9 2 5 2 - 0 1
0 .2 2 5 4 4 4 E -0 1
- 0 .1 0 4 7 0 0 2 - 0 1
0 .1 3 0 3 5 2 6 -0 1
- P .4 5 3 5 7 2 2 -0 2
0
.1 1 5 8 0 2 2 -0 1
- C .2 3 2 3 0 6 2 -0 2
0 .1 1 6 8 2 9 2 -0 1
- 0 .1 0 6 0 8 2 2 - 0 2
0 .1 2 6 0 2 1 2 -0 1
-0 .1 1 8 6 5 3 2 - 0 2
0 . 668047E-03 € . 138258E-01
0 .1 3 0 2 5 1 E-02 0 .1 5 0 3 1 7 E - 0 1
€ . 172212E-02 € . 159519E-01
6 . 163546E-01
€ .1 8 4 9 6 7 2 - 0 2
0 .1 6 0 7 0 9 2 -0 1
0 .1 6 3 8 6 6 2 -0 2
8 .1 5 0 4 4 8 2 -0 1
0 .1 1 1 2 0 0 2 -0 2
0 . 133779E-01
0 .3 3 9 1 3 3 2 - 0 3
€ . 1 13338E-01
- 0 .3 3 9 5 7 5 2 - 0 3
6 .9 2 7 3 5 3 E - 0 2
- 4 .8 6 6 6 6 7 2 - 0 3
€
.7 5 2 9 7 9 2 - 0 2
- 0 .1 0 6 4 9 9 E - 0 2
0
.6 2 8 3 0 7 E - 0 2
- 0 .9 4 9 5 3 1 2 - 0 3
0 .5 5 2 7 7 1 E - 0 2
- 0 .6 5 1 7 9 2 E - 0 3
0 .5 1 4 9 2 6 2 - 0 2
- 0 .3 1 4 9 4 9 E - 0 3
0 .5 0 3 7 0 5 E - 0 2
0 .2 9 1 0 3 8 2 -0 9
0 .5 1 4 9 2 6 E - 0 2
0 .3 1 4 V0 0 E - 0 d
0
.5 5 2 7 7 1 E - 0 2
0 .6 5 1 7 9 3 E - 0 3
0
.6 2 8 3 0 7 E - 0 2
0 .9 4 9 5 3 3 E - 0 3
0
„ 7529792-02
0 .1 0 6 4 9 9 E - 0 2
0 .9 2 7 3 5 3 E - 0 2
€ .8 6 6 6 6 7 E -0 3
0 . 1 13338E-01
0 .3 3 9 5 7 6 2 -0 3
0 . 133779E-01
- 0 .3 S 9 1 2 8 E - 0 3
0
.1 5 0 4 4 S E - 0 1
- 0 .1 1 1 3 0 0 E - 0 2
0
. 160709E-01
- 0 . 163867E-02
0 .1 6 3 5 4 6 2 -0 1
- 0 .1 6 4 9 6 8 2 - 0 2
0 .1 5 9 5 1 9 2 -0 1
- 0 . 172214E-02
6 .1 5 0 3 1 7 2 -0 1
- 0 .1 3 0 2 5 3 2 - 0 2
- 0 . 6 6 8 0 3 6 E - 6 3 0 . 138259E-01
0 . 1 1 d 0 96 E -€ 3 0 . 1 2 6 0 2 l 2 - 0 l
0 .1 1 6 8 3 0 2 -0 1
0 . 106075E-02
8 . 1 i 58032-01
0 .2 3 2 3 0 3 E - 0 2
0 .1 3 5 3 5 3 2 -0 1
0 . 4 5 3565E-02
8
.2 2 5 4 4 6 2 -0 1
0 .1 0 4 6 9 9 2 -0 1
0
.9 1 7 7 6 1 2 -0 1
0 .4 6 6 9 2 7 6 -0 1
- 0 .¿ 3 9 0 0 3 2 - 0 1 -0 .1 1 6 4 6 9 2 + 0 0

Step 2
This step allows the load dispersion through the fill. A point load is applied on top of the
fill (1/3 span, say). The data file input. 2 is shown below. Data file 'sing' remains the
same. Corresponding output file ’output.2' is shown below.
Note that the reactions at the fill - arch rib interface are reversed when applied on to the rib
(see input.3).
Step 3
Suppose the arch mesh consists of 4 layers of and 20 sections. This step combines the
results of step 1 and step 2 and enables arch rib to be analysed up tp failure. The data file
’input.3’ is shown below.
The data file sing is as follows:
180 5.18 5.78 3 80 2 0 0
Part of corresponding output file 'output.3' is shown below.
Failure load is 647 kN/m and CPU time utilized on Sun 3/80 computer is 246.3 s.

Input.2

1
82 40 41 1 1 4 2
1 11 0.0 0.0
O 11 0.8 <
0.0
-, 11 0 .0 0.0
7 11 0.0 0.0
o 11 0 .0 0 .0
li 11 0 „0 0.0
i3 11 0 .0 0 .0
15 11 0.0 0.0
17 11 0.0 0.0
19 11 0.0 0.0
21 11 0.0 0.0
OO
11 0.0 0.0
—«
Cc
wr 11 0 .0 0.0
27 11 0.0 0.0
29 11 0 .0 0.0
31 11 0.0 0.0
33 11 0.0 e.v3
25 11 0.0 0.0
37 11 0.0 0.0
oc 1 1 0.0 € .0
41 -»i 0 .0 0 .0
42 11 0.0 0.0
45 11 0.0 0.0
47 11 0.0 0.0
4 ? 11 0.0 0.0
51 11 0.0 0.0
53 11 0.0 0.0
ETC
“ 11 0.0 0.0
w*
it*
“
w /i 11 0 .0 0.0
nro 11 0.0 0.0
61 11 0 .0 0.0
63 11 0.0 0.0
65 11 0.0 0.0
67 11 0.0 0.0
69 11 0.0 0.0
71 11 0.0 0.0
*7—: 11 0.0 0.0
r7- 11 0.0 0.0
r'.?r5 11 0.0 0.0
7 0 11 6.0 0 .0
81 11 0.0 0.0
1 14100.0 0.16 1
1 0 0 0
O
L_O 0 .0000 - 0.005
O 0 .Pi 00 0 0 .0000
1 20 0-.5 0 .5 1.0
c

3 £ i 2 3 1 0.2 1 16 .e 1 42 20 0.0 0

10 b/00.0 000.0 -26.0

Output.2

This is a. part of 'output.2'

REACTIONS
NODE
1
-7
xz\
/
.

9
11
13
15
17
19
21
W
. -I‘
£5
£7
£9
rw
“*
23
•“ =7
41
43
45
47
49
51
IT:■
—
C
-JT£JT
59
61
63
65
67
69
71
O
ÌT
77
no

Gl

CÌ000KN)

X-REAC.
0=6923202-03
—0 =P3600V6-03
- 8 .1 1 4 7 6 7 E - 8 3
- 8 .5 2 9 2 7 1 2 - 0 4
- 0 .3 3 3 0 6 3 2 - 0 4
- 8 .2 6 6 8 9 3 2 - 0 4
- 8 .2 6 8 8 5 3 2 - 0 4
- 8 .3 3 0 7 8 0 2 - 0 4
- 0 .4 7 4 5 2 6 2 - 0 4
- 0 .7 6 3 7 3 9 2 - 8 4
- 8 .1 2 5 5 4 3 2 - 8 3
- 8 .2 6 5 7 3 2 2 - 0 3
- 8 .5 8 4 5 1 4 2 - 0 3
8 .3 6 1 1 5 4 2 - 8 3
0 .9 6 2 6 4 0 2 - 8 3
0 .2 6 1 6 3 1 2 - 8 3
- 0 .4 7 0 0 3 7 2 - 8 4
- 8 .1 1 7 7 2 8 2 - 8 3
- 0 .9 1 0 4 7 5 2 - 8 4
- 8 .5 8 0 8 3 1 2 - 8 4
- 0 .2 2 7 8 5 9 2 - 0 4
- 8 .9 3 1 6 3 7 2 - 8 5
- 0 .3 7 1 4 2 9 2 - 0 5
- 0 .1 5 2 3 6 2 2 - 0 5
- 0 . 6 66 69 62 -86
- 8 .3 1 5 7 8 9 2 - 0 6
- 0 .1 6 1 7 9 1 2 - 0 6
- 0 .8 8 9 0 1 8 2 - 0 7
- 0 .5 1 8 8 7 7 2 - 0 7
- 0 .3 1 9 9 1 7 2 - 0 7
- 0 .2 0 9 1 7 7 2 - 0 7
- 0 .1 4 7 7 2 3 2 - 8 7
- 0 .1 1 6 6 2 4 2 - 0 7
- 0 ,1 0 7 0 1 7 2 - 8 7
- 0 .1 1 6 3 8 3 2 - 0 7
-0= 1484102-07
- 0 .2 1 8 1 5 7 2 - 0 7
-0= 3745452-87
-0= 8290552-07
- 0 .3 8 5 3 6 3 2 - 0 6
0 .5 0 1 6 3 8 2 - 0 6

V-RErC =
- A .8620762-03
A.6730782-83
E » 1506822-03
0.7571182-84
0.5372122-04
0.4869182-04
0.5349142-04
8.6889242-04
8.9710522-04
0 , 1PE609L“ 83
0.2621292-03
0« 4983932-83
0. 1864462-02
-0,1384392-03
8.1892512-02
0,789^-382-03
0.21-4152-02
0.3153^32-05
-0,4895992-84
-0.3092092-04
-0.1602292-04
-0.7151442-05
- 0 . 304336E-05
-0.1320252-05
-0.6030872-06
-0.3031142-06
-0.1641832-06
-0.9620062-07
-0.6045592-07
-0.4034962-07
-0.2833922-07
-0.2088512-07
-0.1592302-07
-0.1280002-07
-0.1098032-07
-0.1041422-07
-0.1153442-07
-8.1605412-87
-0.3165342-87
-0.1413212-06
0.1756382-06

Input.3

i
3E4 £40 8 1 i 4 2 1 8 3 3 2 480 £ 3 1 «=001 0.5 14.0 1 105 79 « .40« 0
11 0.0 0.0
£ 11 0.0 0.0
3 11 0.0 0.0
4 11 0.0 0.0
321 11 0.0 0.0
3EE 11 0.0 0.0
3£3 11 0.0 0.0
324 11 0.0 0.0
1 14100.0 0.16 1.1 0.0E4 5700.0 300.0 -33.0 1.6

1

1110

4 0.5323203-83 ~0

12 C .5360093-03
£0 0.1147673-03
0.5392713-04
36 0,3320633-04
44 0.2668933-04
52 0.£683533-04

£8

. 6720/63-03

--0.6730783-03
--0.1586033-03
--0.7571183-04
--8.5372123-04
--0.4869183-04
--0.5349143-04
-0.6889343-04

60 0.3307S03-04 68 ’ .^ 452o2-0£

9710523-84
- 0.1533598-03
7627393-04 ■
). 13 3543 - - 02 -0.2621293-03
- 8.4983938-83
?.2657323-03 ■
0.58451^8-03 -8.1064463-02
-0.3611548-03 -«.1384393-03
-8.9626403-03 -8.189251E-02
-0.2616313-03 -0.7694383-03
0.4780873-04 -0.2194153-03
8.0 0.0

4 «. 3390088-01 -0 .83164683+00

76

Qv

17

- 0.9177588-01
4969258-01
■
- 8 . 225444E-01
’ .1047008-01
-«.1353523-01
i . 4525723-03 •
5.£323068-03 - « . 1 i 58823-01
- 0.1166293-01
■.1060oc3-02 ■
?*1186533-03 -0.126021E-01
■0.6680478-03 -0.1332588-01
-0.1503173-01
-0.1303518-83
-8.1595193-81
■0.17331 ¿!i—06
•0.18496/8-02 -8.1635468-01
■0.163866^-03 -8.1607093-01
-0.1113088 -82 -8.1504488-01
-0,3891328-03 -0.1337798-01
8.3395758-83 -8.1133383-01
0.8666673-03 -0.9273533-03
8.1064993-02 -8.7529798-82
-0.6883878-03
a m9495213-03
0 . ESI'7928-03 -0.5527718~03
0.3149498-03 -8.5149268-02
-8.5837053-02
-8.2910388-09
-«.5149268-02
-0.3149503-02
-0.5527713-02
-0.6517933-83

188
196
204
21c
220
22S
282
246
252

-0.6283072-02
-0.7529792-02
-0.9273532-02
-0.1133382-01
-0.1337792-01
-0.1504482-01
-0.1607092-01
-0.1635462-01
-0.1595192-01
-0.1503172-01
0„6660362-03
-0.1382592-01
-0«1185962-03
-0=1260212-01
-0.1060752-02
-0.1168302-01
-0.2323032-02
-0.1153032-01
-0.4535652-02
-0.1353532-01

-0.949533E-03
-0.1064992-02
-0.366667E-03
-0« 33957‘6L~03
0.389128E-03
0.1113002-02
0p1688672-02
2.1849682-02
0p1722142-02

260 0p1802882-02

266
276
284
292
300
308 - 0 . 1 0 4 6 9 9 2 - 0 1

-0.2254462-01
316 -0.4968272-01 -0.9177612-01
324 0.¿390082-01 0 =1164692+00

0.0 1.0

1.0 0.5 0.5 28 10 10

2 2
2 2
t lß;es
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i Hii PRuGRAft STORED DUE TO DIVERGENCE ! !

. C
3
4
321
32 2
Olrj -3
O
324

O

n

i

TOTAL EXTERNAL LOAD-------

1» 04791IXiüDÜkN

TOTAL APPLIED

9. 64791lX1000kN

LOAD -------

REACTIONS ( 1000KN)
NODE
1

.

X-REAC.
V-REAC»
- 0 . 4 15977E-01 - 0 .1 1 0 2 1 1 2 + 0 0
-0.6460306-01
0.7296122-01
- 0 , 715345E-01
0 . 336330E+00
0 . 332237E+00
~ 0 . 1 2 8 9 0 2 E+ 00
- 0 . 227963E-01 - 0 . 106827E+00
0 . 4 2 1 472E-01 - 0 . 322325E+00
0.3599292+00
0.974506E-01
0.591159E-01
0 . 435715E+00

APPENDIX B
Beam Test
B .l Determination of Tensile Strength of Beam Specimens
Specimen calculation on specimen 3
Length of the beam, 1 = (697 + 696)/2
= 696.5 mm
Depth of the beam, d = 238.8 mm
Width of the beam b = 219.5 mm
Collapse load

P = 63.5 kN

Self weight of the beam = 78.12 kg
= 1.10 kN/m
Reactions at supports, R = 63.5/2 + 1.10 x (0.6965)/2,
= 32.13 kN
Crack initiated at a distance 465 mm from one end of the beam.
=> Msp = 32.113x0.1211 - 1.10 x (0.22315)2/2 (Msp - bending moment at the
cracked section)
= 3.86 kNm
/. The test strength of specimen, fsp is given by,
fSD= Msp/Z
P_ 3.86x10* .
1- x 238.82 x 219.5
6

= 1.8496 MPa
= 1.85 MPa

B.2 Determination of Elastic Modulus of Masonry
Beam test on specimen 3
Experimental curves of Load Vs ex were linear up to the elastic - brittle failure
(Appendix B.3). Therefore the elastic modulus of masonry parallel to bed joints can be
calculated.
Considering the loading stage of P = 49.2 kN and using the dimensions of the beam
given in Table 7.2, the bending moment at mid span of the beam can be shown to be
given by M = (0.080P + 0.031) kNm.
=> The longitudinal bending stress at mid span, a x = M/Z, where Z = (238.82x219.5)/6
= 0.479(0.080P + 0.031) MPa
Results are tabulated in Table B.l
Table B.l. Longitudinal stresses and strains of Specimen 3
P (kN)

Stress (MPa)

Strain (xlO-6)

0
4
8
12
16
20
24
28
32
36
40
48
49.2

0.000
0.168
0.321
0.475
0.628
0.781
0.935
1.088
1.243
1.395
1.548
1.901
1.901

0.000
7.000
18.000
27.000
37.000
47.000
54.000
64.000
72.000
82.000
91.000
112.000
112.000

Elastic modulus of masonry is given by the gradient of a x vs ex in Figure B.l.

CO
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wa>
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T53
'oc>
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40
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80

100

120

Longitudinal strain

Figure B.l. a x Vs ex of specimen 3
Therefore the elastic modulus of masonry parallel to to beg joints is 16070 MPa.
B.3 Determination of Poisson’s ratio, \) of masonry
Specimen 2
Experimental observations and the calculation of \) is given in Table B.2. A correction
factor base on a linear strain variation in the elastic range was applied to the strains
calculated at the experimental position (10 mm above the soffit) to covert it to strains in
the bottom fibres.

p
(kN)

5xl
(mm/5)

$x2 t
(mm/5)

5yl

(mm/5)

Sy2
(mm/5)

0.00 9.18
7.020
6.230
3.35
9.19
7.025
6.310
10.82 9.25
7.025
6.150
18.80 9.30
7.025
6.200
26.60 9.36
7.025
6.200
37.60 9.51
7.035
45.28 9.54
0.28
11.15
6.12
7.55
# 10 mm above bottom fibres
* in the bottom fibres
t couldn’t be monitored due to a fault in the apparatus
-

-

-

-

-

-

-

_

-

_

-

=> The mean Poisson’s ratio of masonry is 0.14.

#
(10-5)

Ex*
(10-5)

ey
(10-5)

0.00
1.00
7.00
12.00
18.00
33.0
36.00

0.00
1.09
7.65
13.10
19.70
36.0
39.00

0.00
2.00

F

-

-

V

_
_

_

-

2.00
2.00
6.00

0.153
0.102
0.167

-

-

-

-

Experimental Graphs of Beam Test
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APPENDIX C
C .l Calibration of Apparatus for Bond Wrench Test
A bond wrench was manufactured in the Structures laboratory of Wollongong
University, NSW, Australia and it is of such mass and proportions that the stresses
imposed by the bond wrench on the tested joint do not exceed 0.01 MPa either in
flexural tensile stress or flexural compressive stress (A requirement of AS 3700, 1988).
Figure C.l gives the dimensions of bond wrench.

Ir'n*

12-Co

Vife.v\cJs\

Figure C.l. Dimensions of bond wrench

-4

1: \o

Figure C.2. Bond wrench - standard eccentricities
Stress imposed by the bond wrench on the joint, f is given by (refer Figure C.2):

f

=

t
+m4g(e4 - j ) m4g
—
I Tu

where the mass of bond wrench 1114 = 14.00 kg;
and referring to Figures C.l and C.2 ,
e3 = 1169.0 cos0, (0 = tan’1 (21.5/224.5))
= 1164.0 m m ;
e4 = x - 51.00 mm
= 318.4 51.0
= 267.4 mm.
Substituting these values,
+14.00x9.81(267.4 110'°)
14.00x9.81
f=
1x 110.02x225.0
110.0x225.0
f = ± 0.006 -0.005 MPa
=> J f I < 0.01 MPa.
C.2 Formula for bond wrench test
Cl. A 7.5 - AS 3700,
Test strength of the specimen is given by,
fsp = M / Z - F / A

....(B.l)

where
fgp= tensile strength of specimen in MPa;
M = bending moment about the centroid of the bedded area of the tested joint in
Nmm;
F = total compressive force on the bedded area of the tested joint, in N;
Z = section modulus;
A = area of tested joint.

C.3 Specimen calculation on specimen 10
Calculation is performed according to Clause A.7.3 of AS 3700,1988.
lsp

_ m4 g (e4 -y ) + m3 g(e3l t 2i
6 u

14.00 x 9.81 (267.4 ____________________^
6

(n^+mg+m^ g
tu xl

, (refer Figure C.l)

+ 51.147
x.9.81 (1164.0 - J ^z___
O ) (3.717 + 51.147 + 14.00) 9.8
_____________________
102.0 x 215.5
102.02 X 215.5

= 1.543 MPa
C.4 Test Report of Bond Wrench test
(i) Date of construction of specimens - The specimens were swan on a bench mounted
masonry cutter from the aged masonry blocks secured from span 6 of the Stanwell Park
viaduct, NSW, Australia, which had been constructed about 90 years back.
(ii) Date of test - 26/6/91 and 27/6/91
(ii) Number of samples - 2
,
.
(iii) Number of specimens in each samples -7
(iv) Identification of work represented by the samples - Stanwell Park viaduct, NSW.
(v) Number of joints tested-14
(vii) Type and number of units forming each specimen - Two solid clay bricks with a
mortar bed joint in between them.
(viii) The composition of mortar in the specimen - A chemical analysis is recommended
to determine the mortar designation.
(ix) Individual results determined from each specimen tested - see Appendix C.3.
Mean test strength of masonry = 1.66 MPa
Testing was carried out in accordance with the specifications given in the Appendix A of
the SAA Masonry code AS 3700, 1988.

C.5 Joint Thicknesses and Individual Test Results
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Appendix D

D .l Failure Modes of Specimens in Uniaxial Compression
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D.2 Determination of Compressive Strength of Masonry
AS 3700, 1988 : Clause 8.5.2: Rate of sampling - 2 samples
Clause A2 (Appendix A): Number of specimens per sample - 4
Clause A.3.6: fsp = ka (Fsp/Ad) - compressive strength of specimen,
where Fsp - failure load, ka - Aspect ratio factor (Table 4.3).
Table D.l shows the calculation of the compressive strength of masonry.
Table D. 1. Calculation of F’t
Specimen h (mm)

1(mm)

w (mm)

h/w *

ka

Fsp (kN)

fsp
(MPa)

5.95
310.0
1
347.0
106.5 2.24>2 0.793
238.5
5.09
262.0
105.0 2.27>2 0.795
2
238.0 347.5
4.16
163.0
105.5 2.26>2 0.795
295.5
238.5
3
113.0 2.11 >2 0.783 504.0 10.35
4
238.0 337.7
6.54
106.5 2.25>2 0.794 294.0
240.0 335.0
5
8.39
115.5 2.07>2 0.780 411.0
239.0 331.0
6
7.58
342.0
108.8 2.22>2 0.792
242.0 328.3
7
7.24
284.0
105.5 2.27>2 0.795
239.0 295.5
8
h,l,w are average values of height, length and the width of the specimen.
* 2 < h/w < 5 is a specification given in Cl. of As 3700, 1988 to limit the slenderness
effects and platen restraint.
Rate of loading was 300 kN/min (Cl. A.6.2).
Cl. A.9.1: Compressive strength of masonry is 6.92 with a coefficient of variation of
26%.
Horizontal bed joints in all piers were not of uniform thickness (3 to 10 mm). This cause
must have contributed to scattered results.
Note : Cl. A.9.2: The lowest test result can be shown to be acceptable as follows:
fsp = 4.16 MPa > (l-3.0v)fspm, where v = 26% and fspm = 6.92 MPa.
= 1.45 MPa.

Hence the lowest result is acceptable.
D.3 Determination of Elastic Modulus of Masonry
Table D.2 gives the vertical strain measurements done on compression test specimens,
using electrical resistance strain gauges and the calculation of elastic modulus of
masonry normal to bed joints.
Table D.2. Vertical strain measurements on compression test specimens
Specimen 8

Specimen 5

Specimen 3
P(kN)

e(xl0-6)

P(kN)

£ (xlO-6)

P(kN)

e (xlO-6)

50
100
150

600
1750
2800

50
100
150

200
700
1300

100
150
200
250
280

50
200
450
700
975

-

—

-

—

—

-

—

From the stress - strain plots shown in Figure D.l Young’s modulus of masonry
perpendicular to bed joints was estimated to be 7868 MPa.

M)

I
\

I
e

' ••'4

.

Figure D.2 Stress - strain plots of compression test specimens

Appendix E

Uniaxial compression test on bricks
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